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Abstract

Organic acids, such as malate, citrate and oxalate, have been proposed to be involved in many processes operating
in the rhizosphere, including nutrient acquisition and metal detoxification, alleviation of anaerobic stress in roots,
mineral weathering and pathogen attraction. A full assessment of their role in these processes, however, cannot be
determined unless the exact mechanisms of plant organic acid release and the fate of these compounds in the soil are
more fully understood. This review therefore includes information on organic acid levels in plants (concentrations,
compartmentalisation, spatial aspects, synthesis), plant efflux (passive versus active transport, theoretical versus
experimental considerations), soil reactions (soil solution concentrations, sorption) and microbial considerations
(mineralization). In summary, the release of organic acids from roots can operate by multiple mechanisms in
response to a number of well-defined environmental stresses (e.g., Al, P and Fe stress, anoxia): These responses,
however, are highly stress- and plant-species specific. In addition, this review indicates that the sorption of or-
ganic acids to the mineral phase and mineralisation by the soil’s microbial biomass are critical to determining the
effectiveness of organic acids in most rhizosphere processes.

Introduction

Organic acids are low-molecular weight CHO contain-
ing compounds which are found in all organisms and
which are characterised by the possession of one or
more carboxyl groups. Depending on the dissociation
properties and number of these carboxylic groups, or-
ganic acids can carry varying negative charge, thereby
allowing the complexation of metal cations in solution
and the displacement of anions from the soil matrix.
For this reason, they have been implicated in many
soil processes including the mobilisation and uptake
of nutrients by plants and microorganisms (e.g., P
and Fe), the detoxification of metals by plants (e.g.,
Al), microbial proliferation in the rhizosphere, and
the dissolution of soil minerals leading to pedoge-
nesis (e.g., podzolisation) (Marschner, 1995). Until
recently, however, there has been little directin vivo
evidence to support any of these hypotheses. Indeed,
the reactions of organic acids in soil are extremely
complex, a fact which is often ignored by researchers.
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A schematic diagram which shows the major organic
acid fluxes and pools in soil and which will form the
basis for this review is shown in Figure 1. Without a
knowledge of the size and rates of flux between these
pools it has been impossible to determine the impor-
tance of organic acids in a complex soil environment.
The aim of this review is therefore to summarise past
and present research on the behaviour of organic acids
in plants and soil and to assess the functional signifi-
cance of organic acids with particular reference to the
rhizosphere.

Organic acids in plants

Root content

Typically roots contain many organic acids varying
in chain length with lactate, acetate, oxalate, succi-
nate, fumarate, malate, citrate, isocitrate and aconitate
being the primary anion components. Certainly for
crop plants, we have a good understanding of the
biosynthetic pathways involved in the production of
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Figure 1. Schematic diagram showing the major organic acid fluxes and pools in soil.

these organic acids of which further details can be
found in Dennis et al. (1997) and Marschner (1995).
While some of these organic acids are involved in en-
ergy production as intermediates in the tricarboxylic
(TCA) cycle (e.g., citrate, malate), others are primar-
ily present in cells for cation charge balancing or for
maintaining osmotic potential (e.g., malate, malonate,
oxalate). The organic acid content of plants is gov-
erned primarily by their type of C fixation (e.g., CAM,
C3 or C4), their nutritional status and age. A sum-
mary of the typical organic acid concentrations found
in plant roots under varying conditions is provided in
Table 1. Typically the total concentration of organic
acids in roots is around 10–20 mM (1–4% of total dry
weight) which can be compared, at least for maize,
with the other main organic solutes present in root
cells, namely amino acids (10–20 mM) and sugars (90
mM) (Table 1; Jones and Darrah, 1994a, 1996). The
typical spatial distribution of these solutes in maize
roots is shown in Figure 2 and illustrates the spatial
heterogeneity of solutes within a single root.

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 ex-
cess 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 Roberts, 1991; Osmond, 1976). Roots
grown on NH+4 have lower organic acid concentrations
than those grown on NO−3 , for reasons discussed in
Marschner (1995).

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 com-
partmentation of the organic acids in the root been
investigated. The vacuole can occupy a significant pro-
portion 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 the vacuolar
pool may be important as a storage pool for organic
acids, it is the concentration gradient between the cy-
tosol and soil solution which ultimately determines
the rate of efflux. It can be expected that the con-
centration of organic acids in the cytosol must be
closely controlled in order to conform to the kinetic
and inhibitory requirements of the enzymes involved
in cellular metabolism. Therefore, when an accumu-
lation of organic acids is observed in roots, this may
simply reflect an increase in vacuolar concentration or
vacuolar volume. This is supported by flux analysis
and 13C-NMR spectroscopy, which have shown that
typically the concentration of metabolic intermediates
like malate and citrate in the cytosol rarely exceeds
5 mM, whereas concentrations in the vacuole can be
1–10 fold higher (Chang and Roberts, 1989, 1991;
Gout et al., 1993; Osmond, 1976; Osmond and Laties,
1969).

Extreme caution must also be shown when com-
paring whole root system organic acid concentrations
with efflux data, especially since metabolite concen-
tration can change significantly along the length of a
root (Figure 2; Chang and Roberts, 1989; Jones and
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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 or rhizotoxic levels of Al (20–200µM), 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 inµM. SEM indicates standard error. – indicates not determined.

Plant species Treatment Locationa Plant content (nmol g−1 FW root) Reference

in root Malate Citrate

Brassica napus +P,−P tip 3350–21 700 1100–8100 Hoffland (1992)

Brassica napus +P,−P base 3150–10 400 2700–5450 Hoffland (1992)

Sisymbrium officinale +P,−P tip 9700–4700 8500–6700 Hoffland et al. (1992)

Sisymbrium officinale +P,−P base 2500–3600 1000–2500 Hoffland et al. (1992)

Sorghum bicolor +P,−P wr 930–1910 1260–1860 Schwab et al. (1983)

Sorghum bicolor −Al, +Al wr 7200–18 000 1500–4830 Cambraia et al. (1983)

Triticum aestivum −Al, +Al tip 493–525 – Delhaize et al. (1993)

Hordeum vulgare −Al, +Al wr 2686–8358 1888–1666 Foy et al. (1987)

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 23 000–33 000 12 000–19 700 Kraffczyk et al. (1984)

Phaseolus vulgaris +Fe,−Fe wr 18 000–68 000 800–5100 Schwab et al. (1983)

Range 150–58 000 15–19 700

Mean± SEM 10 250± 3000 4060± 1000

awr indicates whole root system data.

Darrah, 1995; Stumpf and Burris, 1981). Many re-
searchers have also tried to link increases in organic
acid efflux with rises in the levels of organic acid
synthesising enzymes. In some cases this has shown
good correlations, while in others no correlation has
been observed (Hoffland et al, 1992; Johnson et al.,
1996a; Ryan et al., 1995a). Where new enzymes are
required for the production of a novel compound, pro-
tein synthesis is obviously a prerequisite. However, for
simple intermediates like citrate and malate where the
enzymatic machinery is already present in the cell, all
that is required is an increased flux through enzymes
such as PEP carboxylase and citrate synthase with a
continual removal of product. Further, enzyme assays
performedin vitro with whole tissue extracts under
optimal conditions (e.g., substrate, H+ and co-factor
concentrations) should be extrapolated with caution
to in vivo situations where cellular conditions may be
very different. Future research must therefore be di-
rected towards a morein vivo approach whereby gene
expression reporters (e.g.,β-glucuronidase; GUS),
protein reporters (green fluorescent proteins; GFPs)
or alternatively more informativein vivo enzyme as-
says are used as visual measures of enzyme levels
(Ismail et al., 1997). Further, more detailed cytosolic-
vacuolar organic acid compartmentation analyses need

to be performed with techniques such as13C-NMR
where adequate consideration is also given to spatial
differences in concentrations along the root length.

Root release of organic acids

The release of organic compounds from plant roots
is well documented (Curl and Trueglove, 1986).
From early investigations using semi-quantitative
techniques, it soon became evident that the compo-
sition of root exudates is highly variable and depen-
dent on plant species, plant age and physiochemical
environment (for a review see Curl and Trueglove,
1986). Despite this early pioneering work, however,
the mechanisms controlling organic acid release from
roots have only recently started to be elucidated.

Theoretical considerations
From a purely theoretical standpoint it is known that
release of organic acids into the rhizosphere must al-
ways be occurring. This is based upon the fact that
the concentration of organic acids in the cytosol (ca.
0.5–10 mM; Table 1) is about 1000-fold greater than
that present in the soil solution (0.5–10µM; Table
2). In addition, a substantial electric charge gradi-
ent exists across the plasma membrane (ca.−180
mV) due to the operation of ATP-driven proton pumps
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Figure 2. The spatial distribution of the major low molecular weight organic solutes in maize roots. For reference to the later discussion, only
malate and citrate are shown although other organic acids are also present in appreciable quantities (e.g., aconitate). The data is taken from
Jones and Darrah (1994a, 1995, 1996).

Table 2. Soil solution organic acid concentrations reported in the literature. – indicates not determined, bdl indicates below detection
limits

Matrix type Organic acid concentration (µM) Reference

Acetate Formate Citrate Malate Oxalate

Lupinus albusproteoid root mata – – 4700 – – Dinkelaker et al. (1989)

Banksiarhizosphere soil – – 70 35 bdl Grierson (1992)

Bulk soil from nearBanksia – – 0.8 0.7 bdl Grierson (1992)

Forest floor 10 0.7 <0.001 – 3.3 Krzysowska et al. (1996)

Beech forest soilb 14 5 0.8 1.5 2.0 Shen et al. (1996)

Eutric cambisol 8.5 5.0 0.8 0.7 2.4 Ström (1997)

Rendzic leptosols (calcareous) 10.0 5.1 4.1 2.5 7.1 Ström (1997)

Forest soil – bdl-90 bdl-12 118 10 Hue et al. (1986)

Cultivated soil – bdl-8 bdl 4 5 Hue et al. (1986)

Ultic hapludalf cultivated soilc 2737 9 61 – – Elkhatib (1990)

Typic hapludult cultivated soild 786 579 122 – – Elkhatib (1990)

Trifolium rhizosphere soila 1430 bdl bdl 1472 bdl Bolan (1994)

Elytrigia rhizosphere soila,e 630 563 bdl-22 bdl-4 bdl-198 Baziramakenga et al. (1995)

Soil containingElytrigia residuesa,e 3151 2277 bdl-110 bdl-26 bdl-417 Baziramakenga et al. (1995)

Oak leaf litter leachate – – – bdl bdl Pohlman and McColl (1988)

Douglas fir litter leachates – – – bdl-68 bdl-190 Pohlman and McColl (1988)

Decomposing yellow pine wood – – – – 550 Micales (1997)

Picea abiespodzolic topsoil bdl-1829 bdl-117 160-370 60-165 – Van Hees et al. (1996)

Picea abiespodzolic subsoil bdl bdl bdl-40 bdl-25 – Van Hees et al. (1996)

aConversion factor of 4.3 used to convertµmol g−1 soil toµmol cm−3 soil solution.
bMean of six soils under varying vegetation types growing on a Dystric cambisol.
cGrey brown podzolic soil.
dRed-yellow podzolic soil.
eHumo-ferric podzolic soil.
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Figure 3. 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).

(H+-ATPases) and the large cytosolic K+ diffusion
potential (Samuels et al., 1992). While the H+ ex-
pelled into the apoplast by these H+-ATPases creates a
charge gradient to facilitate the uptake of cations from
the soil, it also tends to draw anions (e.g., citrate3−,
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 electrochemi-
cal gradient (baseline exudation); however, efflux can
be increased greatly by the opening of channels em-
bedded 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 3.

From a knowledge of membrane biophysics and
the cellular concentrations of organic acids, the net
(baseline) exudation of solutes can be predicted using
the net flux density equation (Nobel, 1991) where the
net flux (F ) can be derived from

F = Fin − Fout = A
(
PzEmF

RT

)
(

1

ezEmF/RT − 1

)(
Cout − CinezEmF/RT

)
whereFin is the inward flux,Fout is the outward flux,
A is the root surface area,P is the membrane perme-

ability coefficient,z is the charge of the ion,Em is
the membrane potential,F is the Faraday constant,
R is the gas constant,T is temperature,Cout is the
concentration in the soil solution andCin is the con-
centration in the cytosol. For example, to calculate the
net baseline flux of malate from a wheat root tip, the
following parameters are used; a root area of 5.7×
10−6 m2 mg−1 FW root,P of 1.2× 10−9 m s−1, Em
of −0.120 V,F of 9.649× 104 J mol−1 V−1, R of
8.3143 J mol−1 K−1, T of 293 K,Cout of 10µM, Cin
of 500µM and assuming a cytosolic pH of 7.2, net
charge of malate (z) to be−2 (Delhaize et al., 1993;
Lüttge and Smith, 1984; Nobel, 1991; Papernik and
Kochian, 1997). From this equation, the theoretical
net efflux of malate from a wheat root tip into the soil
solution can be calculated at 3.3× 10−2 pmol mg−1

root FW s−1. This is in close agreement with experi-
mentally derived malate efflux rates for wheat root tips
which range from 1.4× 10−2 pmol mg−1 root FW s−1

under normal conditions rising up to 3.3× 10−1 pmol
mg−1 root FW s−1 in the presence of toxic levels of
Al and when transport is probably enhanced through
the opening of channel proteins (Table 3; Ryan et al.,
1995a).
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Table 3. Summary of root organic acid exudation rates

Plant Exudate Treatmentb Organic acid exudation rate Reference

locationa

Malate Citrate Oxalate

(pmol g−1 root FW s−1)

Rape tip +P,−P 10–59 4–18 – Hoffland (1982)

Rape base +P,−P 2–14 0.5–9 – Hoffland (1982)

Lupin proteoid +P,−P 8–141 6–158 – Johnson et al. (1996a)

Alfalfa wr +P,−P 0.8–1.7 0.2–0.8 – Lipton et al. (1987)

Sorghum wr +P,−P bdl. 0.5–5.8 – Schwab et al. (1983)

Maize tip −Al, +Al 1–8 0.1–36 – Pellet et al. (1995)

Wheat tip∗/wr∗∗ −Al, +Al 14–338∗ 1.3–3.1∗∗ – Delhaize et al. (1993)

Maize wr ns, nd 5–165 3.3–38 – Jones et al. (1995)

Barley wr +Fe,−Fe 1–40 – – Fan et al. (1997)

Maize wr +K,−K 0.25–0.42 0.02–0.04 – Kraffczyk et al. (1984)

Agropyron cristatum wr ns 0.25 – – Klein et al. (1988)

Agropyron smithii wr ns 0.17 – – Klein et al. (1988)

Bouteloua gracilis wr ns <0.1 – – Klein et al. (1988)

Calcifuge plants wr 9 species (ns) 0.08 0.06 0.44 Ström et al. (1994)

Calcicole plants wr 9 species (ns) 0.08 0.38 1.22 Ström et al. (1994)

a tip indicates exudation measured at the root apex, base indicates measurement at root base, wr indicates measurement from a whole root
system, proteoid represents measurement of proteoid roots only.
b+ indicates in the presence of, and – indicates deficient conditions, ns indicates nutrient sufficient while nd indicates nutrient deficient.

In addition to the net organic acid flux, the concen-
tration at which malate can passively re-enter the root
can be calculated using the Ussing–Teorell equation
(Nobel, 1991) where

Fin

Fout
= Cout

CinezEmF/RT
= 1

For a root with total malate concentration of 500µM
and cytosolic pH of 7.2, the concentration of each
malate species in the cytosol can be predicted at 497
µM for malate2−, 1.8µM for malate1− and 0.4 nM
for malate0 assuming no metal interactions (Parker
et al., 1995). Therefore the soil solution concentra-
tion required to start driving malate back into the root
can be calculated at 6673 mm for malate2− 205µM
for malate1− and 0.4 nM for malate0. At least for
malate2−, this concentration is six orders of magni-
tude greater than typically present in the soil solution
(Table 2). Therefore purely based on theoretical calcu-
lations it can be hypothesised that malate (and citrate)
release from the root will be predominantly a uni-
directional passive transport process using the cell’s
electrochemical potential gradient. In contrast, root
influx of organic anions such as malate, citrate and
oxalate at soil pHs>5.5 (i.e. when the anions are neg-
atively charged) must be an active (energy-requiring)

transport process, conclusive evidence for which has
yet to be presented (Jones and Darrah, 1995).

Experimental considerations

Most root organic acid exudation studies have been
performed in solution culture which facilitates the
collection and analysis of exudate components (e.g.,
Jones and Darrah, 1995). However, this technique
suffers from a series of severe drawbacks. The most
serious criticism is that roots grown under these con-
ditions may be morphologically and physiologically
very different from those growing in a real soil (e.g.,
no root hairs, no cortical degeneration, different
branching patterns, no mechanical impedance or water
stress). In addition, the aeration, microbial and nutri-
ent status of these hydroponic cultures is often very
different from those in a typical soil environment. Cer-
tainly for roots placed in distilled water, the lack of
Ca2+ can severely and irreversibly damage cell mem-
branes, which in some cases can lead to the bursting
of root cells and the loss of cell contents into the ex-
ternal medium (Jones et al., 1995). In other previous
efflux experiments, roots have been removed from soil
and then washed, inevitably leading to the release of
organic acids from damaged cells. In addition, with
non-sterile studies, no account is ever made for the use



31

of exudates by the microorganisms which are known
to rapidly build up on the rhizoplane (e.g., Matsumoto
et al., 1979). However, despite all these methodolog-
ical limitations, comparative studies of this nature
strongly suggest that organic acids play an important
functional role in many plant responses to nutrient
stress. While many roles of organic acids have been
postulated, direct evidence for a functional role only
appears to be available for P, Al and Fe and it is upon
these elements that this review will concentrate.

It must also be stressed that results can also be
highly biased by the method used to calculate organic
acid release rates. For example, in some species or-
ganic acid release appears to be highly localised to
the tip region (see later). If exudate release rate is
calculated on a root tip basis, and, even better, if ex-
udate release can be spatially quantified, the results
will be accurate. However, if results are expressed for
total root mass, then exudate release rates are greatly
underestimated and differences in tip:weight ratio be-
tween treatments can severely bias results and in some
circumstances make the conclusions invalid. For this
reason it is often difficult to interpret many studies
in which exudation is integrated over the whole root
system and over extended time periods (>24h) and
where no account of root growth is made (e.g., Kraf-
fczyk et al., 1984; Schwab et al., 1983). Future studies
should therefore measure exudate release over short
time periods (≤12 h) and, if possible, spatially isolate
root regions so that exudation rates can be accurately
quantified (e.g., Delhaize et al., 1993; Hoffland et al.,
1992).

Organic acid release by calcicole versus calcifuge
plants

Most previous studies have focused on the role of nu-
trient deficiencies in triggering organic acid release.
However, a role for root exudates in general plant
ecology and the ability of different plants to estab-
lish on either calcareous or silicate soils is now being
investigated. For plants to establish and successfully
colonise calcareous soils requires a mechanism for
solubilising Fe and P in the rhizosphere which are the
primary limitations to growth in this environment. It
appears from preliminary studies that calcicole plants
(i.e. those that can establish on calcareous soils) have a
greater capacity to release organic acids than calcifuge
plants, which mainly establish on silicate soils (Table
3; Ström, 1997; Ström et al., 1994; Tyler and Ström,

1995). Further work is certainly needed to confirm the
functional significance of these promising findings.

Organic acid release under Fe deficiency

Plant Fe deficiency normally occurs on calcareous
soils ( pH> 7.0) due to the insolubility of Fe at high
pH (Marschner, 1995). Organic acids such as citrate
and malate are potent complexers of Fe in soil and
induce the dissolution of previously unavailable in-
soluble ferric oxyhydroxides (Gerke, 1992; Jones et
al., 1996a). Recently is has been proposed that cit-
rate may play an important role in supplying Fe to
dicotyledonous plants (Jones et al., 1996a). Fe defi-
ciency induces a substantial accumulation (≈5 fold
increase) of organic acids in root tissues and also
induces a large (5-10 fold) increase in H+ and or-
ganic acid excretion (De Vos et al., 1986; Guerinot
and Yi, 1994; Landsburg, 1981; Ohwaki and Suga-
hara, 1997). Under Fe deficiency, root H+-ATPases
are highly up-regulated and are therefore likely to be
the predominant source of the excreted H+ (Rabotti
and Zocchi, 1994; M L Guerinot, pers. comm.). In
calcareous soils, the combination of the acidification
power of the H+-ATPase alongside the complexing
ability of citrate (which increases with decreasing pH)
could provide a viable means of mobilising Fe in
the rhizosphere. Once Fe3+-citrate complexes form in
the soil solution, dicotyledonous roots can access the
Fe using a plasma-membrane ferric reductase which
reduces Fe3+ to Fe2+ releasing the citrate back into so-
lution. Fe2+ can then be transported into the root using
the root’s electrochemical potential gradient, probably
in combination with a divalent cation channel (Fox
et al., 1996; Figure 4). The mechanisms for Fe3+
reduction and Fe2+ transport have been shown to be
highly up-regulated upon Fe deficiency with the enzy-
matic machinery present along most of the root length
but surprisingly absent from the root apex (Welch et
al., 1993). The widespread nature of organic acid
release and the exact location of efflux in dicotyle-
donous roots under Fe deficiency remains unknown.
However, based on mathematical calculations it has
been predicted that the amount of organic acid release
fromBrassica napusroots, even under non-Fe stressed
conditions, may be sufficient to supply a substantial
amount of the plant’s Fe demand (Jones et al., 1996a).
Further experimental work, however, is required to
confirm the existence and operation of this mechanism
in soil.
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Figure 4. Schematic representation of the role of organic acids in Fe uptake by dicotyledonous plant roots. The major steps are: (1) acidification
of the rhizosphere by H+-ATPases; (2) the release of citrate from the cytoplasm into the soil (see Figure 1); (3) the reaction of citrate with
Fe(OH)3 in the soil forming Fe3+-citrate complexes; (4) the reduction of the Fe3+-citrate complex at the plasma membrane surface by the
Fe3+ reductase enzyme; (5) the release of the citrate chelator back into the soil solution; and (6) the uptake into the root of the reduced Fe2+
by a divalent cation channel.

Organic acid release under phosphorus deficiency

Due to its insolubility and high sorption capacity in
soil, phosphate supply can be one of the major con-
straints to plant growth (Marschner, 1995). However,
there is now overwhelming evidence to suggest that
some plants can directly modify the rhizosphere in
order to gain access to previously unavailable soil P
reserves. This can include the manipulation of root
hair length/density, the extra provision of C for my-
corrhizal exploitation of non-rhizosphere soil, the re-
lease of phosphatases to release organically bound
soil P, and the release of organic acids and H+ to
solubilise inorganic P. It has now been demonstrated
that some dicotyledonous plant roots, and especially
non-mycorrhizal plants such asLupinus albus(but
not L. angustifolia) and Brassica napus,are capa-
ble of releasing large amounts of organic acids into
the rhizosphere in response to P deficiency, while
other dicotyledonous (e.g.,Sisymbrium officinale) and
graminaceous (wheat, maize) plants do not appear to
express the trait (Table 3; Gerke, 1994; Hoffland et
al., 1992; Imas et al., 1997a; Johnson et al., 1996a,
b; Laheurte and Berthelin, 1988; Lipton et al., 1987;
Schwab et al., 1983). However, it is also well es-
tablished that P deficiency significantly increases the

leakiness of the root plasma membrane to solutes in-
dicting that for some exudation studies the observed
increases in organic acid release may be an indirect
root response of minimal importance (Ratnayake et
al., 1978). This is especially true where only small
increases (≤2 fold) in organic acid release and C di-
version into root exudation (0.3%) are observed upon
long-term P deficiency (Lipton et al., 1987), and where
the calculation of results may cause significant biasing
(see above section on Experimental considerations).

Malate and citrate appear to be the primary compo-
nents released by roots under P deficiency. InBrassica
napusthe 4-fold increase in organic acid exudation is
largely associated with the root apex, while smaller
amounts are also released from mature root regions
(Hoffland et al., 1989, 1992). In contrast, except un-
der extremely high P levels, lupin and other species
with cluster roots (e.g.,Banksia) induce the develop-
ment of short branched, tertiary lateral roots (proteoid
or ‘cluster’ roots) (Dinkelaker et al., 1995; Keerthis-
inghe et al., 1998). These roots are directly responsible
for the 13–40-fold increase in the citrate and malate
excretion which constitutes>90% of the total root
exudate under P deficiency and which commences 3
days after proteoid root development (Dinkelaker et
al., 1989; Gardner et al., 1983; Grierson, 1992; John-



33

son et al., 1996a, b). This organic acid exudation
under P deficiency constitutes a drain of 5–25% of the
plant’s photosynthetically fixed C, however, this does
not appear to significantly affect dry matter production
(Dinkelaker et al., 1989; Gardner et al., 1983; Johnson
et al., 1996a, b; Keerthisinghe et al., 1998). To sustain
this level of root exudation obviously requires a sus-
tained production of organic acids as exudation under
P stress can deplete the entire root organic acid re-
serves within hours (Johnson et al., 1996a). In lupins,
it appears that C is mainly supplied in the form of
phloem-translocated sugars (70%) whilst some is also
supplied in the form of root-fixed inorganic C (30%)
(Johnson et al., 1996a, b). The phloem-translocated
sugars are subsequently converted to organic acids via
the enzymes PEP carboxylase, malate dehydrogenase
and citrate synthase at the site of release (Hoffland et
al., 1992; Johnson et al., 1994, 1996a, b). The trans-
port mechanisms controlling organic acid release and
the number and regulation of genes determining this P
deficiency trait, however, have still to be identified.

Role of organic acids in aluminium detoxification

Aluminium (Al) rhizotoxicity is one of the biggest
limitations to crop production in the world and is
characterised by the inhibition of root cell elongation
and to a lesser extent cell division (Kochian, 1995;
Kochian and Jones, 1997). However, some plants ap-
pear to be able to resist concentrations of Al which
are typically toxic to most plants (>5 µM). Of the
two resistance mechanisms identified to date, both ap-
pear to involve the detoxification of Al either outside
(apoplast) or inside (vacuole) the root through a com-
plexation reaction with organic acids (Kochian, 1995;
Ma et al., 1997). Only the apoplastic (rhizosphere)
mechanism will be addressed here.

Excretion of organic acids by Al-resistant crop
plants in response to Al exposure is now well estab-
lished (Delhaize et al., 1993; Miyasaka et al., 1991;
Pellet et al., 1995). Roots specifically release either
malate (wheat) or citrate (snapbean and maize) into
the apoplast and external solution upon exposure to
high levels of Al, with the amount released directly
proportional to the external Al concentration (0–200
µM). Above Al concentrations of 200µM, malate
release becomes saturated (Ryan et al., 1995a). Once
these organic acids have left the root, they rapidly form
Al-organic acid complexes in the apoplast and soil so-
lution, rendering Al non-toxic and making the roots
5–20 times more resistant to Al (Delhaize et al., 1993).

In wheat, malate is specifically released upon exposure
to the monomeric Al3+ species with other forms of
Al (e.g., Al13, Al(OH)3), heavy metals, or changes
in pH unable to trigger the malate release (Ryan et
al., 1995a). In addition, once the Al is removed from
the external medium, malate exudation rates quickly
drop to baseline (non-stressed) levels, indicating a
very sensitive Al sensing and controllable organic acid
excretion mechanism (Ryan et al., 1995a). It has been
hypothesised from genetic analysis of the Al tolerance
trait in hexaploid wheat that the inducible organic acid
release appears to be predominantly controlled by a
single gene with fine control provided by a series of
other minor regulatory genes (Ryan et al., 1995b).
From kinetic analysis of organic acid release in root
tips of wheat and maize, malate and citrate release
appears to be almost instantaneous and thus cannot
involve de novosynthesis of proteins. From these re-
sults, some researchers have speculated that the genes
controlling malate release (e.g.,Alt1) encode not the
organic acid transport proteins but rather signalling el-
ements necessary to trigger the release of malate and
citrate. The nature of this signalling protein, however,
remains unknown but may constitute an Al3+receptor
located in the plasma membrane. In addition, the re-
lease of root exudates in response to Al only occurs at
the root apex (0–3 mm) which correlates well with this
being the primary site of Al toxicity (Kochian, 1995).

From a knowledge of the temporal, spatial and
Al-specific nature of organic acid release from ce-
real roots, it has been hypothesised that the release
of organic acids is a unidirectional flux involving
a plasma-membrane anion channel (Jones and Dar-
rah, 1995; Ryan et al., 1995a). Other evidence for
this comes from work with biochemical anion-channel
antagonists (e.g., niflumic acid), electrochemical po-
tential measurements, and the fact that only specific
organic acids are released. Work is now underway
around the world to confirm the existence of root
plasma membrane efflux channels using both mole-
cular and biophysical techniques. Current evidence
suggests that the gating of the anion-efflux channel
may involve a complex signal transduction cascade
(Papernik and Kochian, 1997; Ryan et al., 1997).

Excised wheat root tips can release more than
three times more malate as present at the start of the
experimental period (Ryan et al., 1995a). Sustained
exudation, therefore, requires the continued synthesis
of new malate within the root apex. As the concentra-
tion of the key malate-synthesising enzymes (malate
dehydrogenase, PEP carboxylase) are not present in
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higher quantities in Al-resistant roots either in the
presence or absence of Al, and as the time required
for protein synthesis is not consistent with the time
course of Al release, an increased flux of intermedi-
ates through these enzymes must control organic acid
synthesis upon exposure to elevated Al (Ryan et al.,
1995a).

Organic acid release by roots under other nutrient
stresses

Increases in organic acid efflux have also been ob-
served under a variety of other stresses, including K+
deficiency (Kraffczyk et al., 1984) and a general nu-
trient deficiency (Jones and Darrah, 1995), and also in
response to the type of N nutrition (Imas et al., 1997b).
It is likely that Ca2+ and Zn2+ deficiency, which
increases membrane permeability, will also cause in-
creases in organic acid efflux (Cakmak and Marschner,
1988). However, experiments in which malate, citrate
or oxalate were continually added to soil or hydro-
ponic solutions have showed little effect on Zn accu-
mulation by wheat (Chairidchai and Ritchie, 1993a,
b; Evans, 1991). A role for organic acids in mobil-
ising Zn and other micronutrients (e.g., Cu) in the
rhizosphere, however, cannot be fully discounted at
this time.

Organic acid release by roots under oxygen stress

Plants differ widely in their ability to cope with anaer-
obic stress. Plants have developed two main strate-
gies to tolerate hypoxic (or under extreme circum-
stances anoxic) conditions. The first involves the slow
hormone-induced development of aerenchyma within
the root cortex which stimulates air flow (Marschner,
1995). The second involves rapid changes in carbon
metabolism and organic acid transport (Marschner,
1995). Under hypoxia, roots have a restricted aerobic
metabolism and significant fermentative metabolism,
which produces potentially phytotoxic metabolic end-
products (e.g., lactic acid and alanine; Ricard et al.,
1994). In some plants it appears that the rhizosphere
can be used as a ‘dumping’ zone for lactic acid thereby
preventing its build-up in the cellular metabolic pool
(Rivoal and Hanson, 1993; Xia and Roberts, 1994).
The rates of lactic acid efflux from maize root tips
under anaerobic conditions has been estimated at be-
tween 0.55–1.58 pmol mg−1 root FW s−1,greater than
most reported rates of citrate and malate release (Table
3). This, however, probably reflects the dominance
of aerobic respiration in root metabolism (Xia and

Saglio, 1992). Further, work with protein synthesis
inhibitors indicates that the transport of lactate across
the plasma membrane may involve specific transport
proteins (Xia and Saglio, 1992). Whether this lac-
tic acid excretion strategy is present in species other
than maize andLimoniumremains to be identified. In
addition, its impact on rhizosphere colonisation and
pathogen infection also needs to be addressed in light
of evidence linking anaerobic stress to plant pathogen
attack (Smucker and Erickson, 1987).

Do organic acids cause rhizosphere acidification?

Despite early work suggesting that organic acids can
acidify the rhizosphere (Marschner, 1995), it now ap-
pears that H+ release and organic acid release are
probably two biochemically separate but spatially co-
ordinated transport events. It is well documented
that the cytosolic pH of roots ranges from 7.1–7.4
(Marschner, 1995). At this pH, it can be predicted
from chemical equilibria models that the primary or-
ganic acid species in the cytosol will be the fully
dissociated forms of malate and citrate, namely mal2−
and cit3−. However, during passage of the organic
acids across the membrane into the apoplast, a counter
ion is also required to maintain electrical neutrality.
Under Al rhizotoxic conditions, no stimulation of H+
excretion and no change in rhizosphere pH is observed
when malate is being released, indicating that H+ is
not the counter ion (Kochian, 1995). This is functional
as a lowering of the external pH would increase Al3+
solubility in the rhizosphere and increase Al rhizotox-
icity. In the case of malate release from wheat roots,
it appears that K+ is the counter cation which accom-
panies malate across the membrane with a K:malate
stoichiometry of 2:1 (Ryan et al., 1995a). For other
organic acid release situations the counter ion has yet
to be identified. If indeed a H+ counter ion is involved,
some way will be needed to confirm this by separating
out direct H+-organic acid coupled transport events
from uncoupled transport events.

Organic acids in soil

Soil solution concentrations

There is now overwhelming evidence showing that
significant and sustained quantities of organic acids
can be found in soil solutions. This information is
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Figure 5. Ability of three organic acids to form stable complexes
with Fe3+ as a function of pH as predicted with the chemical spe-
ciation program Geochem-PC (Parker et al., 1995). The Fe3+ and
organic acid concentration was fixed at 100µM.

partly due to recent advances in organic acid analysis
which allows detection and quantification at concen-
trations in the nM range (Fan et al., 1997; Krzys-
zowska et al., 1996; Shen et al., 1996). While some
of the organic acids present in the soil solution will be
added in atmospheric dry and wet deposition (rainwa-
ter from urban areas typically contains 10–500µM ac-
etate and formate; Millet et al., 1997), the predominant
input will be from root exudates, dead plant material
and microbial decomposition products. Organic ma-
nures can also contain large amounts of organic acids
(Bolan et al., 1994). All of the major plant originat-
ing organic acids have now been detected in the soil
solution in appreciable quantities (0.1–100µM) and
constitute about 2% of the total dissolved organic C
in podzolic soils (Table 2; Krzyszowska et al., 1996;
Pohlman and McColl, 1988; Shen et al., 1996). Gen-
erally higher concentrations are found in rhizosphere
soil compared to those present in the bulk soil. Care
must be taken, however, in the interpretation of results
depending on the methodology employed to extract
the soil solution. While centrifugation-based soil so-
lution extraction techniques do not release significant
amounts of organic acids from live roots and microbes
(Zabowski, 1989), extraction techniques whereby soil
is shaken with distilled water for extended periods
(>10 min) inevitably lead to contamination from dam-
aged microbial cells and plant residues.

Metal complexation reactions in the soil solution

Organic acids have the capacity to complex metals in
solution. The degree of complexation, however, de-

Table 4. Stability constants of organic acid-metal complexes
(Martell and Smith, 1976–1989). Where possible stability constants
represent conditions at 25◦C and zero ionic strength. M:H:L ratio
indicates the stoichiometry of the complex where m indicates metal,
L indicates ligand and H indicates protons

Metal M:L:H ratio Malate Citrate oxalate

H+ 1:1 5.10 6.40 4.27

2:1 3.46 4.76 1.25

3:1 – 3.13 –

K+ 1:1 0.40 0.56 0.90

Mg2+ 1:1 1.55 4.84 3.43

1:2 – – 4.24

1:1:1 0.77 2.59 –

Ca2+ 1:1 2.72 4.85 3.19

1:1.H2O(s) – – −8.80

1:2 – – 2.69

1:1:1 1.39 2.93 1.38

Mn2+ 1:1 2.24 3.70 3.95

1:2 – – 4.40

Zn2+ 1:1 3.32 4.70 4.87

1:2 5.90 7.65

1:1:1 2.00 2.96 1.72

Cu2+ 1:1 3.33 5.90 6.23

1:2 8.40 – 4.00

1:1:1 1.96 3.70

2:2 8.0 13.2

Fe3+ 1:1 7.1 11.50 7.74

1:2 – – 13.64

1:3 – – 18.49

2:2 12.85 – –

Al3+ 1:1 6.00 7.87 6.1

1:2 – 11.7 11.1

1:3 – – 15.12

pends 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.
Organic acids with only one carboxyl group (lactate,
formate and acetate) have very little metal-complexing
ability. From the stability constants shown in Table 4
it can be seen that malate, citrate and oxalate all have
a high affinity for trivalent metals such as Al3+ and
Fe3+ and it is indeed these metals which are mobilised
(and immobilised) most readily by organic acids in
most soils (Jones and Kochian, 1996; Pohlman and
McColl, 1986). However, this does not always imply
efficient complexation at all soil solution pHs (Mench
and Martin, 1991). For example, using the chemical
equilibria speciation program Geochem-PC (Parker et
al., 1995), it can be predicted that the complexation of
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Fe by malate, citrate and oxalate is highly dependent
upon soil solution pH with little or no complexation
at high soil pHs (Figure 5). Therefore, to establish a
link between organic acid release and nutrient uptake
by plant roots requires theoretical considerations like
those undertaken by Cline et al. (1982). In addition,
unlike citrate and malate, oxalate also has the tendency
to precipitate in the presence of Ca2+. While this will
reduce its potential complexing ability with some nu-
trients it may be of importance in the release of P from
Ca2+ containing minerals such as apatite.

P, Mn and Fe mobilisation

Phosphate dissolution rates can be greatly accelerated
in soil in the presence of organic acids such as malate,
citrate and oxalate leading to 10–1000-fold higher soil
solution P concentrations depending on soil type and
speciation and concentration of organic acid (Earl et
al., 1979; Fox et al., 1990a,b, 1992; Gerke, 1994;
Jones and Darrah, 1994b). Generally speaking the ex-
traction efficiency of inorganic P by the organic acids
appears to follow the series citrate> oxalate>malate
> acetate, with P release dependent on the ability of
the anion to complex Al (i.e. a logKal greater than 3.5;
Furrer and Stumm, 1986; Lan et al., 1995). However,
organic acid-induced P release depends on many fac-
tors, including pH and soil mineralogy (Bolan et al.,
1994; Fox et al., 1990a, b; Jones and Darrah, 1994b;
Lan et al., 1995). There are at least two mechanisms
by which P release can occur. The first involves di-
rect ligand exchange, whereby citrate directly replaces
P on ligand exchange surfaces (e.g., on crystalline
Al(OH)3 or Fe(OH)3). The second could involve the
complexation of metal ions in the solid which consti-
tute the exchange matrix holding the P (e.g., Ca2+ in
rock phosphate or Fe3+ in Fe(OH)3). As metal ions
are often released from soil concomitantly to P release
it implies that the second pathway may be dominant
although in reality both are probably operating si-
multaneously. However, the desorption/release of P
is extremely soil dependent with generally high con-
centrations of organic acids (> 100 µM for citrate,
>1 mM for oxalate, malate and tartrate) required to
mobilise significant quantities of P into the soil solu-
tion (Earl et al., 1979; Jones and Darrah, 1994b; Lan
et al., 1995; Lopez-Hernandez et al., 1986). In some
soils, no P appears to be mobilised upon the addition
of organic acids (Lan et al., 1995; Jones and Darrah,
1994b). Indeed, many studies of this kind have used
unnaturally high concentrations of organic acids (> 1

mM) which is 100-fold higher that of a typical soil so-
lution (10µM; Table 2). While these experiments are
significant in situations where soil solution concentra-
tions of organic acids are high (e.g., in the proteoid
rhizosphere of lupin) their importance in most other
situations must remain speculative. In general, when
the organic acid-mediated dissolution of P-containing
minerals occurs, P release is also accelerated by a
decrease in soil solution pH, a phenomenon that is
often associated with roots experiencing P deficiency
(Dinkelaker et al., 1989).

In addition to mobilising inorganic P, organic acids
also appear to be able to efficiently mobilise P held in
humic-metal complexes. The mechanisms involved in
P release from humics, however, appear to be differ-
ent from those associated with inorganic P (Fox et al.,
1990a,b; Gerke, 1992, 1993, 1994; Lan et al., 1995).
Gerke (1992) has shown that the P mobilised by citrate
may persist in the soil solution for long periods (>10
weeks) although the extent to which this P is still plant
available remains unknown.

Organic acids have also been implicated in the re-
lease of Mn in the rhizosphere (Godo and Reisenauer,
1980). Although the effect of Mn deficiency on root
organic acid release has not been quantified, it is clear
that organic acids such as malate and citrate can re-
lease Mn from synthetic MnO2 through a combination
of oxidation and complexation (Jauregui and Reise-
nauer, 1982). Mn dissolution is highly pH dependent
with very little release above pH 5.0 and where the
amount of Mn released is much smaller (if any) than
the amounts of Fe, Al and other ions mobilised by or-
ganic acids in soil (Jones and Darrah, 1994b; Mench
and Martin, 1991). More work is required with nat-
urally occurring Mn-containing minerals to confirm
the existence and importance of such a Mn-mobilising
mechanism in soil.

Organic acids can also rapidly release Fe held
in goethite and ferrihydrite, while mobilisation from
Fe2O3 and Fe3O4 is extremely slow (Jones et al.,
1996a). As occurs for Mn, dissolution has been shown
to be extremely pH dependent with the Fe mobilisa-
tion potential reducing with increasing pH (Jones et
al., 1996a). Dissolution also appears to depend on
the amount of P associated with the ferric hydroxide
surface and on the composition of the other ions in
solution (Jones et al., 1996b). In general, however,
soil extracts have indicated that between 1 and 40% of
any citrate present in the soil solution of podzolic soils
may be present as an Fe-citrate or Fe-malate complex
(Jones et al., 1996a, b).
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Organic acid sorption in soils

Due to the negative charge associated with their car-
boxyl groups, organic acids can become rapidly and
readily sorbed to the soil’s solid phase, a fact which
is often ignored. Sorption appears to be largely depen-
dent on soil type (as for P) but the general sorption
trend is phosphate> oxalate> citrate> malate>
sulfate> acetate (Earl et al., 1979; Jones and Brass-
ington, 1998; Jones and Darrah, 1994b; Jones et al.,
1996b). It is also probable that all these anions share
similar sorption sites, as citrate, malate and oxalate are
all capable of inducing P desorption or preventing the
sorption of newly added P (Bolan et al., 1994; Earl et
al., 1979; Jones and Darrah, 1994b; Nagarajah et al.,
1970).

Studies with synthetic ferric and aluminium hy-
droxides have shown that organic acid sorption is
highly pH dependent with increasing sorption with de-
creasing solution pH (Jones and Brassington, 1998;
Karltun, 1998). Although the sorption of organic acids
appears to be almost instantaneous, the reversibility
(desorption) of these reactions remains unknown. The
degree of sorption also appears to be controlled by the
presence of cations in the soil solution and the anions
associated with the soil’s exchange surface (Jones and
Brassington, 1998).

Concentration gradients of organic acids in the
rhizosphere

Of critical importance to understanding rhizosphere
processes is a knowledge of the organic acid concen-
trations in the rhizosphere. From computer simulation
modelling andin vitro studies, it has been predicted
that a steep gradient of di- and tricarboxylic acids
exists in the rhizosphere with an effective sphere of
influence in the rhizoplane of between 0.2 and 1.0
mm, depending on soil type, organic acid type and
time (Darrah, 1991a; Jones et al., 1996a). The dis-
tance for non-sorbing compounds such as glucose and
monocarboxylic acids such as acetate can, however, be
much greater (>5 mm; Darrah, 1991b). Using mathe-
matical models and anion adsorption isotherms, it can
be predicted that most of the organic acids (>60%)
will be rapidly adsorbed to the soil’s exchange phase
while the resultant concentration in the soil solution
will be in the range of 1–50µM depending on Al
and P stress level (Jones et al., 1996a). This is similar
to experimentally measured concentrations of organic
acids extracted from rhizosphere soil (1–100µM; Ta-
ble 2). Calculation of organic acid concentrations at

the surface of Al-resistant wheat root tips grown in
hydroponic culture (i.e. concentration at the root sur-
face in the unstirred layer) has indicated that malate
concentrations are in the region of 10–100µM (Pellet
et al., 1997). Future soil metal mobilisation studies
should reflect these low organic acid concentrations
rather than high ones often favoured (≥1 mM) in
many experiments.

Organic acids in mineral dissolution and pedogenic
processes

It is clear from the above discussion that di- and tricar-
boxylic acids can be potent metal complexers bringing
about the dissolution of soil minerals and modulat-
ing the size of humic substances (Albuzio and Ferrari,
1989; Huang and Keller, 1972; Jones and Kochian,
1996; Pohlman and McColl, 1986; Ritchie, 1994). In
general, organic acids appear to be able to induce a
2–4 fold increase in mineral dissolution rate in com-
parison with rainwater alone; however, this is highly
dependent on mineral type, pH, Al content of the min-
eral and organic acid type (Jones and Kochian, 1996;
Lundström and Öhman, 1990; Pohlman and McColl,
1986). Certainly the dissolution of Fe and Al oxyhy-
droxides can be greatly increased in the presence of
organic acids (Jones and Kochian, 1996). With re-
spect to silicate mineral weathering (e.g., feldspars),
a more detailed review can be found in Drever and
Stillings (1997). In this review they conclude that the
impact of organic acids on weathering rate is of little
significance as the typical concentrations of organic
acids found in soil solutions are too low to have any
appreciable affect.

In a leaching environment organic acid-metal
complexes have the potential to migrate downwards
through the soil leading to the redistribution of metals
(e.g., Fe) within the soil profile (Lundström, 1993). In-
deed, this may be one of the principal mechanisms (but
not the only one) by which Fe and Al are redistributed
in podzols (Anderson et al., 1982; Lundström, 1993).
It has also been clearly demonstrated that microbes
reduce the effectiveness of this metal dissolution and
transportation, presumably through the mineralisation
of the organic complexing ligands en route down the
profile (Lundström, 1993, 1994; Lundström et al.,
1995).
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Table 5. Transport kinetics of organic acids by microorganisms. DW indicates dry weight

Species Soil or culture Organic acid Km Vmax
a Reference

(µM)

Mixed population soil malate 1400 14 nmol kg−1 soil s−1 Jones et al. (1996c)

Mixed population soil malate 1100 17 nmol kg−1 soil s−1 Jones et al. (1996c)

Mixed bacteria culture malate 935 25 nmol g−1 protein s−1 Jones et al. (1996c)

Mixed bacteria culture malate 955 4638 nmol g−1 protein s−1 Jones et al. (1996c)

Rhizobium I110 culture malate 6.7 208 nmol g−1 protein s−1 SanFrancisco et al. (1985)

Rhizobium 3278 culture malate 6.1 127 nmol g−1 protein s−1 SanFrancisco et al. (1985)

Rhizobium 3278 culture succinate 10.0 383 nmol g−1 protein s−1 SanFrancisco et al. (1985)

Rhizobium I110 culture succinate 7.5 375 nmol g−1 protein s−1 SanFrancisco et al. (1985)

Rhizobium I110 culture succinate 3.8 444 nmol g−1 protein s−1 McAllister and Lepo (1983)

Rhizobium I217 culture succinate 1.8 916 nmol g−1 protein s−1 McAllister and Lepo (1983)

Lactobacillus plantarum culture malate 540 4166 nmol g−1 protein s−1 Olsen et al. (1991)

Saccharomyces pombe culture malate 3700 666 nmol g−1 protein s−1 Finan et al. (1981)

Rhodobacter capsulatus culture malate 2.9 722 nmol g−1 protein s−1 Shaw and Kelly (1991)

Halobacterium distributum culture citrate 30 72 nmol g−1 protein s−1 Tarasov et al. (1991)

Klebsiella pneumoniae culture citrate 7.2 136 nmol g−1 vesicles s−1 Van der Rest et al. (1992)

Klebsiella pneumoniae culture citrate 12 83 nmol g−1 DW cells s−1 Van der Rest et al. (1991)

Candida utilis culture malate 56 380 nmol g−1 DW cells s−1 Cassio and Leao (1991)

Hansenula anomala culture malate 38 200 nmol g−1 DW cells s−1 Côrte-Real and Leao (1990)

Hansenula anomala culture succinate 76 670 nmol g−1 DW cells s−1 Côrte-Real and Leao (1990)

Candida sphaerica culture malate 100 439 nmol g−1 DW cells s−1 Côrte-Real et al. (1989)

Esterichia coli culture succinate 14 333 nmol g−1 DW cells s−1 Lo et al. (1972)

Bacillis subtilis culture citrate 2300 2416 nmol g−1 DW cells s−1 Willecke and Pardee (1971)

Bacillis subtilis culture citrate 450 2416 nmol g−1 DW cells s−1 Willecke et al. (1972)

a1.7× 109 cells = 0.4 mg protein.

Impact of the soil microbial biomass on organic
acids

The impact of the soil microbial biomass on rhi-
zosphere processes involving root exudates has largely
been ignored. However, considering the vast number
of microbial cells and the enormous activity and C util-
isation capacity in the rhizosphere this view must not
persist. This is especially true in view of recent work
on the impact of microbes on phytometallophore effi-
ciency (Crowley et al., 1992; Von Wiren et al., 1995).
Many researchers have used the argument that organic
acid release is often restricted to the root apical region
which corresponds to a zone of reduced microbial ac-
tivity. However, studies in which rhizosphere bacteria
have been tracked using fluorochromes suggest that
microbes rapidly colonise the root apex (Bowers et al.,
1996; Mawdsley and Burns, 1994; Wiehe et al., 1994).
Studies on the mineralisation of exudates have shown
that organic acids such as citrate and malate added at
realistic rhizosphere (10–100µM) concentrations are
rapidly degraded in non-rhizosphere (bulk) soil with

an average half life of 2–3 h depending on soil type
(Jones and Darrah, 1994; Jones et al., 1996c). Gener-
ally speaking, decomposition is much faster in organic
surface horizons than in low organic content subsoils,
while decomposition rates in rhizosphere soil are 2–
3 fold faster than in bulk soil (DL Jones, data not
presented). Microbial decomposition of organic acids
in both soil and solution culture appears to conform
to Michaelis–Menten kinetics with typically 60% of
the organic acid mineralised to CO2 and 40% incor-
porated into new cell biomass (Table 5; Jones and
Darrah, 1994b; Jones et al., 1996c). In addition, min-
eralisation in soil does not appear to be affected by
the presence of other root exudate components such as
simple sugars and amino acids (Jones et al., 1996c).
In bacterial cultures, it has been demonstrated that soil
bacteria are capable of regulating the amount and type
of transporters required for the uptake of organic acids
into the cell based on their available C supply (Jones
et al., 1996c). Generally culture studies have shown
an up-regulation of transport activity in response to
additions of malate. However, the extent to which
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this could occur in soil remains unknown (Jones et
al., 1996c; McAllister and Lepo, 1983). Kinetic and
molecular studies of bacterial and yeast organic acid
utilisation have shown that uptake occurs via metabol-
ically driven transporter proteins which tend to be
specific for either dicarboxylic or tricarboxylic acids
(Bergsma and Konings, 1983; Finan et al., 1981; Jones
et al., 1996c; SanFrancisco and Jacobson, 1985).

Many microorganisms appear to have the capacity
to use organic acid metal complexes as well as ‘free’
non-complexed organic acids (Bergsma and Konings,
1983). In particular, Fe transport systems involving
citrate are present in both prokaryotic and eukaryotic
microorganisms (Fedorovich et al., 1989). This can in-
volve either a direct uptake of Fe-citrate into the bacte-
rial cells or a splitting of the complex at the cell surface
using a reductase mechanism similar to that described
for dicotyledonous plants above (Ecker and Emery,
1983; Fedorovich et al., 1989; Meyer, 1992; Figure
4). In some cases, Fe-citrate complexes can provide a
more readily available source of Fe than some micro-
bial siderophores (Francis and Dodge, 1993; Francis et
al., 1992; Meyer, 1992). However, in other cases the
formation of organic acid metal complexes appears to
either inhibit the transport of organic acids into micro-
bial cells or their subsequent metabolism once inside
(Brynhildsen and Allard, 1994; Brynhildsen and Ross-
wall, 1989; Madsen and Alexander, 1985). Most of
these studies, however, have been performed in cul-
ture media in which bacteria have become adapted
to using non-complexed C sources. All the evidence
available suggests that in soil, where microbes may
be adapted to using organometallic complexes, this
inhibition does not occur (Brynhildsen and Rosswall,
1997). This is also supported by experiments show-
ing rapid organic acid mineralisation in soils where
metal complexes are known to predominate (Jones
and Darrah, 1994b; Jones et al., 1996c). Unlike other
non-charged exudate components (e.g., glucose), the
biodegradation of organic acids appears to be highly
dependent on the amount and type of sorption to soil
particles, with Al and Fe hydroxides providing the
greatest protective effect (Boudot, 1992; Boudot et al.,
1986, 1989; Jones and Edwards, 1998; Jones et al.,
1996c). Indeed, almost no biodegradation of citrate
occurs when citrate is held on the surface of Fe and Al
hydroxides (Boudot, 1992; Jones and Edwards, 1998).
Whether the inhibition of biodegradation by Fe/Al hy-
droxides represents chemical or physical protection of
the substrate remains unknown.

The release of large amounts of organic acids into
the rhizosphere can be expected to not only induce a
growth of pre-existing rhizosphere bacteria, but also
to act as chemoattractants inducing the movement
(chemotaxis) of motile microbes such as flagellate
bacteria and fungal hyphae towards the roots. Experi-
ments with pure cultures of rhizosphere bacteria have
shown concentrations of 10µM are sufficient to in-
duce a chemotactic response, similar to concentrations
found in rhizosphere soil solutions (Barbour et al.,
1991; Shen et al., 1996; Zheng and Sinclair, 1996;
Table 2).

While microbes can consume root exudates, they
are also responsible for the production of a wide range
of organic acids especially in situations where nutri-
ents may be limiting (Rózycki, 1985; Rózycki and
Strzelczyk, 1986). The release of large amounts of
oxalate and the presence of Ca2+-oxalate crystals on
the surface of fungal hyphae both in wood and soil
is now well documented (Dutton and Evans, 1996;
Takao, 1965). It has been speculated that oxalate is in-
volved in a number of processes, including the acqui-
sition of nutrients (e.g., P, Fe), free-radical formation,
extracellular pH modification, calcium precipitation
and subsequent pectin hydrolysis, and acid catalysis
of hemicellulose/cellulose (Green and Highley, 1997;
Micales, 1997). The microbial product, ketogluconic
acid, has also been identified in the rhizosphere of
wheat; it is capable of mobilising small amounts of
soil P, albeit only at very high concentrations (10 mM;
Moghimi et al., 1978).

Conclusions

Organic acids potentially perform a diverse range of
functions in the rhizosphere. At present, most of
these hypothesised processes appear to be beneficial to
plants. However, future research needs to be directed
towards gaining a more holistic understanding of the
behaviour of organic acids in a contrasting range of
plants and soil types. The reaction of organic acids
can be expected to vary both spatially and temporally
in the rhizosphere with the operation of many fluxes
simultaneously. With respect to future research needs,
firstly the physiological and molecular mechanism by
which organic acids are released from plants needs to
be understood, and secondly, the reactions of these
organic acids in the soil need to be more fully investi-
gated (i.e. sorption, complexation and mineralisation).
In the past, most research has focused on organic
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acid release from hydroponically grown plants out
of which far-reaching conclusions have been drawn.
We are now at the stage, however, where the pieces
of the jigsaw puzzle are presented before us. We
should now be aiming to place those pieces into some
semblance of order through which the importance of
these hypothesised organic acid-mediated processes
can be determined and their ecological significance
ascertained.
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