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Abstract

Mariano, E D 200Zitrate exudation by maize roots; a possible mechanism of resis-
tance to aluminium. PhD Thesis, Wageningen University, Wageningen, the Nether-
lands. 128 p.

Low-molecular-weight organic amis have been intensively studied as possibly in-
volved in a mechanism of Al resistance in plants, due to their involvement in many
metabolic processes and to their negative charge, conferring them the capacity to com-
plex metals. The objective of the thesis wasttaly the root exudation of organic anions
as a potential mechanism of Al resistance operating in maézentays L.). The effect

of Al exposure on root organic anionughation was studied with roots grown under
sterile conditions, with maize genotypes that differ in sensitivity to Al. Citrate accounted
for the majority of the organic &mns exuded, followed by malateans-aconitate, fuma-

rate, anccis-aconitate. Along the longitirkl axis of fully developd seminal roots cit-

rate was exuded mainly in the regs of root apices, either belongito the main root or

to the lateral roots in the most basal parthef main root. Rates citrate exudation from

root apices of eight genotypes exposed tadktelated significantlyvell with their rela-

tive Al resistance; a less inhibited roobmgjation accompanieddtier exudation rates.

The effects of Al on nutrient uptake weaitso studied in théhesis. The spatial lo-
calisation of nutrient uptake on theot axis of maize seedlings was assessed and re-
vealed that Al is affecting nuént uptake widely along the loitigdinal axis of the root.
Compared with the pattern of citrate exudation along similar axes it seems that citrate is
probably primarily involved immaking plants resistant to Aly detoxifying Al around
the root meristems, the most sensitive partrdéot growth. Locakitrate exudation does
not seem to be directly involved in nutrient uptake, because the segment with the highest
citrate exudation (the apex) shows almost no nutrient uptake, while the root zone with
the highest nutrient uptake shows almost zero citrate exudation.

The question whether quantitatively the amounts of these small ligands released in
the root environment are adequate to explain resistance to Al was tackled by combining
experimental and modelling work. The results of the simulations strongly support the
notion that citrate indeed can underlie Al resistance in maize. For the conditions consid-
ered in this study, detoxificatioof apoplastic Al and prettion of this compartment
seem more realistic and more important than those in the interface root-outer solution.
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Chapter 1

General introduction

A complex of factors can restrict plant githmin acid mineral soils. In general, in mod-
erate acid soils the plant supply withtments such as phosphorus (P), potassium (K),
magnesium (Mg), and calcium (Ca) is oftmarginal or even deficient, whereas at high
soil acidity aluminium (Al) toxicity is mstly the dominant growth limiting factor (Kelt-
jens, 1997; Tan et al., 1991). During afiddition of mineral soils phytotoxic forms of Al
are released into the soil solution to concentrations that generally affect plant functioning
and plant growth (Foy, 1984). The harmful effects of excessive toxic Al occur primarily
in the roots. These effects are a rapid inhibition of root growth and disruption of nutrient
uptake. Therefore Al toxicity is ofteaxpressed simultaneously in two ways, namely
reduced root growth and induced deficiermfymineral nutrients (e.g. Ca, Mg, and P;
Tan et al., 1992). Inhibition of root growth particularly leads to shallow root systems,
low root densities, and poor exploitationtbe soil. Consequently, plants become more
susceptible to other abiotitresses such as water andieat shortage (Foy, 1984).
Amelioration of soil acidity stress can be reached by liming the soil and/or improving
its fertiliser supply (Keltjens, 1997; Miranda and Rowell, 1987; Rao et al., 1995). An
alternative or supplemental approach to redheedetrimental effestof soil acidity on
plant growth is the use of plant spec@gscultivars that show superior resistance to Al.
Considerable progress has been madeéntifying Al resistanigermplasm and efforts
to select and breed such plant material are being made worldwide with several crop spe-
cies (e.g. maize, Granados et al., 1993; Magnavaca et al., 1987; sorghum, Furlani and
Clark, 1981; Gourley, 1987; wheat, Scott dfidher, 1989). An important part of the
proposed plant breeding approach is themeination of plant genetic, physiological,
and biochemical mechanisms tich plants resist to meral stress, including excess
soluble Al in acid soils.

Mechanisms of aluminium toxicity and aluminium resistance

A significant part of the current research on plant metal toxicity has focused on the
mechanisms of Al phytotoxicity and Al resistance, indicating the relevance and agro-
nomic importance of this metal toxicity problem (Kochian, 1995). Aluminium hydroly-
ses in solution such that the trivalent Al species!, Alominates in acid conditions (pH

< 5), whereas the Al(OH) and AI(OH)" species are formed with increasing soil pH.
Many of these monomeric Al cations bindvarious inorganic and organic ligands such



Chapter 1

as PQ*", SO, F, organic anions, proteins, and lipiKinraide, 1991). With this wide
range of interactions, Al has been shownligturb several biochemical and physiologi-

cal processes and consequemtgny mechanisms of Abxicity have been proposed.
These mechanisms include Al interactions within the root cell wall, Al disruption of the
plasma membrane (PM) and its transport processed Al interactions with symplastic
constituents such as calmodulin (for a review see Delhaize and Ryan, 1995; Kochian,
1995; Rengel, 1992a). However, there is no consensus on the cellular site of Al toxicity.
Because Al can bind and precipitate readily within the root cell walls and because it has
an apparent slow rate of penetration inte $iymplast, it has been hypothesised that the
toxic effects of Al might be expressed thrbugxtracytosolic lesions such as disruption

of normal functioning of the plasma merahe (Rengel, 1992a), oraththe toxicity is
mediated through ion traporters or signal-transduati@vents initiated ghe outer sur-

face of the plasma membrane (Kochian, 1995; Rengel, 1992b, 1996). The primary Al
effects are very fast and may therefore occur while Al is still in the Donnan free space
and on the apoplastic side of the plasma membrane. Long-term responses are not neces-
sarily caused by Al directly but may rather a consequence of Al-related impairment of
numerous other biochemical and pioysgical processeRengel, 1992a).

Reduction of root growth observed in the presence of Al results probably from both
inhibition of root cell elongation and inhibition of root cell division (Marschner, 1991).
During the initial stages of Ahhibition of root growth Al interactions with cell elonga-
tion must play a primary rolehereas Al inhibition of céldivision and DNA synthesis
are expected to play a role in sustained grotvth inhibition afterthe first 24 h of Al
exposure (Kochian, 1995). The Al-induced inhibition of root growth forms the basis of
many of the rapid testsifé\l resistance in plants.

Aluminium also interferes with the uptake, transport, and use of water and several
mineral nutrients by plants, by either damnggthe root or by exerting antagonistic ef-
fects on nutrient absorption. In the root alasfy a major site of Al accumulation (God-
bold and Jentschke, 1998), Al inhibits nuttieiptake by blocking ion channels on the
plasma membrane, strongly competing withatknt cations (e.g. Ca, Mg) for binding
sites at the root cortical cell walls, and precipitating P (Clarkson, 1967; Keltjens, 1995;
Rengel and Robinson, 1989a,b; Tan and Keltjens, 1990).

Several mechanisms have been proposed in the literature to explain the plant Al re-
sistance. These mechanisms can be divided into two types depending on whether the site
of Al detoxification is ingile or outside the sympla§tochian, 1995; Taylor, 1991).
Mechanisms facilitating Al exclusion from the symplast of root cells (Al exclusion
mechanisms) are those mechanisms where metals are prevented from crossing the
plasma membrane, entering the symplast, and reaching sensitive intracellular sites.
Mechanisms conferring the abilibf plants to tolerate Al ithe plant symplast are called

2



General introduction

Al tolerance mechanisms (Kochian, 1995). Exclusion mechanisms might include Al im-
mobilisation at the cell wall, selective Al permeability of the plasma membrane, a plant-
induced pH barrier in the rhizosphere or apoplast, exudation of chelate ligands, exuda-
tion of phosphate, and Al efflux (Foy988; Taylor, 19881991). It is not clear how

these mechanisms are related and which may be the most important in attempting to ex-
plain Al resistance.

Al is clearly immobilised at the root-soilterface, but the extent to which exclusion
plays a role in the physiology of Al resistance is not known (Taylor, 1988). Exudation of
organic compounds that canetiite Al in the root rhizosphere has been described as a
possible mechanism underlying Adsistance of certain plaspecies or cultivars. Cer-
tain plants seem to have the potentiatefease great amounts lofv-molecular-weight
organic anions into the rhizosphere that can chelate and detoxify Al and such an exuda-
tion of organic anions might batantially contribute to the Aksistance of certain spe-
cies or cultivars (Delhaize et al., 1993; Jan&998; Keltjens, 199. This mechanism
seems more realistic once organic ligands, produced in and subsequently released by
root cells, can be expected to accumulate even to higher concentrations in the root apo-
plast than in the rhizosphere (Keltjens, 1997). One of the main questions in this research
is whether observed root flux densities of such organic compounds along the root can be
high enough to chelate atidus detoxify a major part of the phytotoxic monomeric Al
locally present in the ro@atpoplast and/or rhizosphere.

Organic anionsin the plant and in the soil
Plant roots contain many organic anions varying in chain length with lactate, acetate,
oxalate, succinate, fumarate, malate, citrategitisie, and aconitate being the main
components (Jones, 1998; Marschner, 1998me of these (e.g. citrate, malate, and
fumarate) are present in all living cells intermediates of the tricarboxylic acid cycle
(TCA cycle), which is also called the Krebs cycle. They are carbon compounds that pos-
sess at least one carboxyl group and at the near-neutral pH of the cytoplasm, most of
these carbon compounds exist as fully dissociated anions. These compounds are almost
certainly released by the roots as anions (dissociated from protons) and not as acids
(Ryan et al., 2001). Their release from rodépends presumably on their concentration
in the root tissue as well as on the pealnility of the root celmembranes (Kraffczyk et
al., 1984).

Organic anions are a common component of exudates and thus are often found
in soil solutions. Generally higher concentrations are found in rhizosphere soil than in
bulk soil (Jones, 1998). After going from the root cell to the outside root solution, or-
ganic anions may interact with a wide rargfesoil constituents. Due to the negative
charge associated with their carboxyl groups, they can readily and rapidly form com-

3



Chapter 1

plexes with metal ions in solution or adsorb to the soil solid phase. Besides, they can be
used by soil microorganisms as a source of energy or be leached out of the soil profile by
percolation water.

Organic anions have the capacity to form ptares with metal ions in (soil) solution
and thus reduce metal ion activity. The degreeomplexation, however, depends on the
particular organic acid involved, the congatibn and type of metal and the pH of the
(soil) solution (Mench and Martin, 1991). ganic anions like malate, citrate, and ox-
alate all have a high affinity for trivalent metals such a& Ahd F&, with maximal
complexation occurring at p#.0—-4.5 (Motekaitis and Martell984). The consumption
of organic anions by microorganismsgsobably an important process reducing their
effectiveness in detoxifying metals (Ryanakt 2001). However, the biodegradation of
organic anions in the soil appears to be Kiglependent on thamount and type of
sorption to soil particles, with Al and Fe hydroxides providing the greatest protective
effect (Jones et al., 1996b; Jones and Edwards, 1998).

Aim of theresearch and outline of thisthesis

The general aim of the research reported in this thesis was to study the root exudation of
organic anions as a potential mechanism of Al resistance operating in Zesizeay/s

L.). As reported above, under conditions of Al toxicity some plant species seem to re-
lease organic anions from roots as a mean of protecting themselves against the toxic ef-
fects of excess Al. It is suggested that the exuded organic anions protect the plant by
chelating and detoxifying Al in the root apoplast and/or rhizosphere (Miyasaka et al.,
1991).

In Chapter 2 genotypic variation for Adsistance in maize was studied with a col-
lection of ten maize genotypes obtained from the National Maize and Sorghum Research
Centre (CNPMS), EMBRAPA, Brazil. Three screening techniques based on culture so-
lution and soil as rooting medium reeused to assess the relative Al resistance of these
genotypes and to rank them according to this feature. Using the two genotypes repre-
senting the extremes of Al sensitivity within the collection that was available to us, the
effect of Al exposure on root organic aniexudation was studied with roots grown un-
der sterile conditions, both qualitatively aggantitatively in Chapter 3. The major low-
molecular-weight organic anions exuded bgptsowhen exposed to Al were identified
and the rates of organic anierudation as well as the spatitistribution of the exuda-
tion along the root axis were determined. A first qualitative evaluation of the possible
role of citrate in protecting the roots from the effects of Al on root elongation and on
nutrient uptake is given.

4



General introduction

Chapter 4 focuses on the effects of Al on the root status of citrate, the principal or-
ganic anion exuded by maize roots in response to Al exposure. This chapter combines a
literature review about the effects of Al processes involved in the dynamics of citrate
in plant roots (e.g. synthesisallocation, storage, exudatjowith experimental work
done with an Al resistant maize genotypetest some of the theories described in lit-
erature.

In Chapter 5 the effects of external Al oatrient uptake were stigdl with the ten
maize genotypes showing sificant differential sensitiiy to Al. Plants of the different
maize genotypes were tested in culture satutiontaining Al to check whether they
indeed differ in uptake of atro and micronutrients whenposed to Al and whether
variation in nutrient uptake among genmg, due to Al expose, corresponds with
variation in Al resistance as deded in Chapter 2. Due tihe relatively long period of
exposure to Al (14 d), the reduction of nutrient uptake caused by Al observed in this
study was probably a combined result okdir or primary, effects of Al on nutrient up-
take and of indirect, or secongaeffects on root and shoot growth, affecting plant’s
uptake capacity (root) and planhutrient requirement (shoot).

Because the primary effects of Al on nutrient uptake cannot be easily separated from
its secondary effects, short-te(F24 h) experiments were esliahed to study only the
direct effects of Al on nuteint uptake by maize roots (Giter 6). The effects of Al on
the uptake of Ca, Mg, K, and P by whole mat well as by distinct regions of the main
seminal root were studied with two maigenotypes exhibiting gnificant differential
resistance to Al. The investigation on the spatial distribution of the Al effects on nutrient
uptake (Chapter 6) and on citrate exudatiohapter 3), revealed mes of the root that
are more sensitive to Al, allowing a qualitative evaluation of the potential role of organic
anions in a mechanism of protection against the adverse effects of Al specifically on
nutrient uptake.

A quantitative approach to evaluate the role of citrate released by roots in complex-
ing Al is presented in Chapter 7. The citrate exudation rates measured experimentally in
Chapter 3 were used in the calculations tfté build-up in the root apoplast and outer
root solution. Complexation of Al at locedot conditions was calculated using a specia-
tion model. The thesis concludes with an evaluation of the significance of the results
presented and with a discussiof the prospects féuture research (Chapter 8).






Chapter 2

Variation for aluminium resistance among maize genotypes evaluated
with three screening methods*

Abstract — Genetically determined differences in aluminium (Al) resistance exist among
plant species and genotypes, and efforts to select and breed maize germplasm with
higher resistance to Al haween made worldwide. This woaimed to study genotypic
variation for Al resistance in maize genotypes using three different screening techniques,
to compare the results die screening techniques, atmdselect genotypes with differ-
ential sensitivity to Al forfurther research on the mechanssof Al resistance in maize.

The effects of Al on various plant characteristics were studied with ten maize genotypes
in a series of experiments that comprised stesrty (4 and 14 d) exposures to Al in cul-

ture solution (up to 10QM Al) as well as longer-term (40 dyowth in an acid soil (soil
solution pH range 3.4-4.1Al resistance varied widely aing the maize genotypes, as
revealed by the different seening techniques used. A scregnmethod based on root
elongation rate of seedlings growing in ctétisolution was effectasin discriminating
resistance to Al. A concentration of g Al gave the best differential responses among
the ten genotypes studied causing reductiomedhelongation rate of 10% to 68%. The
best indicators of differential Al resistance were root characteristics, especially root
length. Internal root concentrations of cirand malate, however, did not reflect plant
resistance to Al. The Al resistance rankings established with the screening techniques
were consistent and indicatgenotypes with contrasting séndty to Al to be used in
further studies of mechanisms of Al resistance in maize.

Key words. acid soil, aluminium toxicity, cultursolution, organic anions, root elonga-
tion rate,Zea mays cultivars

* with Willem G. Keltjens



Chapter 2

Introduction

Soil acidity is one of the major problems for crop production in many parts of the world.
Constraints for plant growth often associated with soil acidity are low nutrient availabil-
ity and high concentrations of toxic aluminiy&l). Al particularly inhibits root elonga-

tion, leading to shallow root systems, lewot densities, and poor exploitation of the
soil. Consequently, plas become more sensitive dther abiotic stresses such as water
and nutrient shortage (Foy, 1984). MaiZeg(mays L.) cultivation in acid soils is gener-

ally negatively affected, mainly due to toity of Al and manganese, and deficiency of
calcium, magnesium, phosphorus and zinc.dased ear rot percentage, poor plant vig-
our, delayed plant maturity, and reduced grain yield were associated with increased de-
grees of Al stress in maize (Kasim et al., 1990).

Addition of lime is commonly recommendeal raise soil pH, lower soil exchange-
able Al, and improve plant gwth. However, due to the high quantities of lime often
needed, this practice is not always economically feasible (Foy et al., 1987). Plant spe-
cies, and cultivars within species, differ widely in resistance to Al, and selection and
breeding of plant germplasm rs&int to Al appear an atteative approach to overcome
some problems related toxic effects of Al in acid soils.

Considerable genetic variability in Aésistance has been reported in maize among
inbred lines, hybrids and varieties. Tigisnetic variability has been assessed using sev-
eral characteristics like visual toxicity ratings, shoot and root dry matter yields, root
staining, total root growth, anactual and relative root lengffoot length with Al stress
divided by root length without Al s#ss). Screens of maize germplasm for resistance to
Al were mainly made in field experimentshere plants were grown on acid soils (Gra-
nados et al., 1993; Pandey et al., 1994), and in greenhouse experiments, where plants
were grown either in pots with acid soil ordalture solution with Al (Kasim and Was-
som, 1990; Lopes et al., 1987; Magnavaca et al., 1987; Urrea-Gomez et al., 1996). On a
short-term, Al appears to affect root growiore severely than shbgrowth, and there-
fore root characteristics are often used as Al resistance indicator in screening studies
(Furlani and Clark, 1981)n culture solution studiethe best root characteristic to dis-
criminate inbred lines and varieties of maize for resistance to Al was root length, as Al
concentrations showed a linear effectroat length (Kasim and Wassom, 1990; Magna-
vaca et al., 1987). Under field conditions, however, grain yield, relative to the average of
a group of selected varieties, was the best indicator of differential Al resistance (Kasim
et al., 1990). Another possibiledicator of Al resistance in ahts might be the root con-
centration of organic anions. It is hype#iised that roots containing large amounts of
organic anions are more likely to release these compounds into the rhizosphere where

8



Screening maize on Al resistance

they will form complexesvith Al reducing its toxicityto root membranes and facilitat-
ing its absorption by roots and immobilisation in the plant (Jones, 1961).

The different approaches used to assegggistance have been responsible for many
conflicting results in genotypic differences in resistance to Al. Germplasm grown under
controlled laboratory awlitions do not perform similarly when grown under less con-
trolled field condtions (Duncan et al., 1982)d this lack of correlatiomay be caused
by a significant interaction betwegenotypes and the stress conditions imposed.

The objectives of this study werg (o study genotypic variation for Al resistance
among maize genotypes using three different screening technigués,qompare the
results of the three techniques, aiig (o select genotypes wittontrasting resistance to
Al for further research on the mechanismglved in resistancef plants to Al.

Materials and methods

Plant material
The genotypes used in the experimentsrienl here belong to the collection of the
maize breeding program of the National Resle&entre of Maize and Sorghum — EM-
BRAPA, Brazil. Ten Brazilian maize genotypasiong varieties and hybrids were se-
lected to represent a range of resistance to Al. The selection was based mainly on results
from previous screening experiments carriett aitlEMBRAPA in culture solution con-
taining different concentrations of Al. Theilames are: G1 (64x1143; single cross hy-
brid); G2 (BR201-M; single cross hybridis3 (HD91102; double cross hybrid); G4
(13%x1143; single cross hybrid); G5 (CMS3fien-pollinated variety)G6 (11x723; sin-
gle cross hybrid); G7 (20x723; single cross hybrid); G8 (HD9148; double cross hybrid);
G9 (BR106; open-pollinated variety); &rG10 (20x22; single cross hybrid). Subse-
quently, they will be referceto as G1, G2, G3, etc.

These maize genotypes were tested on their sensitivity to Al under greenhouse con-
ditions through a series tfree experiments described below.

Root Elongation Assay
Above described ten maize genotypes weral usea short-term nutrient solution ex-
periment to determine their relative resistance to Al on the basis of root elongation.
Seeds were germinated on filter paper moistened with MOQaSQ solution in the
dark at 25 °C for 4 days. Seedlings were ttransferred to 150-L containers, containing
a basal nutrient solution with pl.0 and chemical composition ki 1.0 NH;NO;,
0.005 NaHPQ,, 0.5 K,SO,, 0.5 CaCl, 0.125 MgS@, and (uM): 46 B, 0.3 Cu, 286 Fe
(as Fe-EDTA), 0.1 Mo, 9.2 Mn, 0.8 Zn. Seedlivgare fixed in strips of foam floating
9
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on the aerated nutrient solutioOnly the main seminabot was allowed to develop
whereas eventual seminal and adventitious roots were cut off immediately after appear-
ance. After 3 days of growth in the basal nutrient solution, uniform seedlings of each
genotype were selected and sedpsently randomly transferréd 50-L containers hold-

ing five Al treatment solinns (0, 10, 20, 40, and 1@@nol AICI; L™). Before mounting

the seedlings in plastic discs suspended themutrient solution, their root length was
measured with a ruler. The seedlings were kept in the Al treatment solutions for 96 hours
and had their root lenigtmeasured every 24 hours.

The pH of each container was checked daily and, when necessary, adjusted to the
initial value of 4.0. The nutrient solution of each container was sampled daily and ana-
lysed on P, K, Ca, Mg, Cu, Fe, Mn, Zn andtdlmonitor the composition. No adjust-
ments were needed. Chemical analyses of the nutrient solution were carried out by ICP—
AES.

The treatment design was a factorial combion of basal nutrient solutions con-
taining five concentrations of Al and tenaize genotypes. An expaental split-plot
design with three replicates was used, wfith Al concentrations randomly assigned to
whole plots and the maize genotypes randaaslyigned to subplots. Each nutrient solu-
tion container (50 L) constituted a whole plot and included ten subplots of four plants
each. The subplot mean of four plants constituted the experimental unit.

After finishing the experiment, data ajat length measurements were submitted to
linear regression in order to describe the edohgation under Al stress through the ex-
perimental time (0 to 96 hours). A first-ordsslynomial equation (y = a + bx) was fitted
between root length and time of exposurétdor each experimeat unit. The slope of
the equation (root elongation rate, mi)twas further used in the analysis of variance
and mean tests using the General Linear Models procedure of SAS (SAS Institute,
1990). The genotype x Al interaction sumsgluiares was partitioned into single degree
of freedom orthogonal cons®, where Al concentrationgere studied in simple effect
comparisons within each genotype. To compmangcentrations of Al (main plot) within
a given genotype (subplot)elBatterthwaite Approximate Test was used (Neter et al.,
1996).

Soil Test (Pot experiment)

This experiment was carried out to assess the Al resistance of the ten maize genotypes
when grown in acid soil. The maize genotyp&se grown in a greenhouse in pots con-
taining an acid sandy soil from a forest near Ede, The Netherlands. The soil was col-
lected, air-dried and sieved through a 5-mm mesh. Before fertiliser and lime were ap-
plied the soil had an average pH-Ca€l3.4, P-CaGl= 0.2 mg kg" soil and organic

matter = 103 g kg. To create a range of soil pH and soluble soil Al, four rates of lime

10
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(0.0, 0.5, 1.0, and 1.9 g Ca(QHyg ™ soil) were applied to portions of 2.5 kg of dry soil.
Subsequently after basal fertilisation with (mg*spil) 300 N, 80 P, 200 K, 40 Mg, 0.1

B, 0.004 Cu, 1.04 Fe, 0.002 Mo, 0.1 Mn, and 0.01 Zn, the soil was moistened to field
capacity and incubated in plastic bags ford&ys. The rates of lime application were
chosen from a titration curve obtaineddryincubation test with Ca(Ox)

After incubation the soil was transferred to 2.5-L plastic pots and covered with a
layer of 3 cm of quartz sand. The maize seeds were sown and germinated in this sand
layer to avoid influence of the soil acidity tre germination anthitial establishment of
the seedlings. One week later the number of seedlings was thinned to 3 per pot. Three
pots per lime rate were left without plants and used as control (blanks). The soil moisture
was maintained at field capacity with demineralised water throughout the experimental
period by daily weighing andllowing for increasing pldrfresh weight. The experiment
was carried out in summer and plants were é&tad 40 days after sowing. The roots
were separated from the soil and washed. One part of the total fresh root material was
taken to measure total root length on a Comair root length scanner (Hawker De Havil-
land, Melbourne, Australia). Root material was odeied at 70 °C for 72 hours, and
weighed. The specific rod¢ngth (SRL) was calculated byviling the root length of a
sample by its dry matter weight.

At harvest soil solutions were collected by centrifugation of soil samples. Soil solu-
tion pH was measured immediatand total concentrations Af, P, and basic cations in
soil solution were determined by ICP-AES. Dissolved organic carbon was measured in
soil solution samples on a $KrOC/DOC analyser (Skalar, Breda, NL).

The experimental design was a completely randomised one with three replicates. The
treatments resulted from a factorial combiora of four rates of lime and ten maize
genotypes. Analysis of variance was performed for all plant characteristics measured
using the General Linear Modgldsocedure of SAS (SAS Insite, 1990). When signifi-
cant, the genotype x Ahteraction was partitioned tm single degree of freedom or-
thogonal contrasts, where Al concentrations were studied in simple effect comparisons
within each genotype.

Culture Solution Test (Pot experiment)

Plants of the ten maize genotypes were also tested on their resistance to Al in a culture

solution technique at zero and 1001 Al. The experiment was conducted in pots filled

with continuously aerated culture solution with pH 4.0 and chemical compositidhit (m

2.0 NH,NO;3, 0.0375 NakPQ,, 1.0 KSO,, 1.0 CaCJ, 0.25 MgSQ, and (u1M): 46 B, 0.3

Cu, 286 Fe (as Fe-EDTA), 0.1 Mo, 9.2 Mn, 0.8 Zn.

Seeds were germinated in moist quartz sand for 7 days. After germination, the roots

were washed to remove the sand and a total of 54 uniform seedlings per genotype was

11
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used for the experiment. Seedlings were wrapped loosely with sponge rubber and
mounted in holes of plastic covers (dispi)ced on 6-L pots (9 seedlings PhtAfter a
pre-growth for 4 days in the above mengd culture solution the Al treatments were
imposed. The culture solution was replaced Isyndlar culture solution containing 100
umol AICI; L™ or without Al, used as a control. The culture solutions were renewed
every other day and 14 days after the Ahtment had started tpéants were harvested.
The 9 plants from each pot were dividetbind plants for root length measurement, 4
plants for shoot and ab dry matter, and 1 plant forganic anion analysis in the root
material. The shoots and roots were oven-daiedd °C for 72 hars, and weighed. Root
length measurements were carried out on reprabenisub-samples of fresh root mate-
rial using a Comair root length scanrfefawker De Havilland, Melbourne, Australia).
The specific root length (SRL) was calculateddiyiding the root length of a sample by
its dry matter weight.

For the analysis of organic anions ir ttoot material, enzymatic methods were used
(Boehringer Mannheim, 1984). Samples1l®0 mg of dry fine-ground roots were ex-
tracted in 20 mL of demineralised water for 30 minutes in a shaker. The extracts were
filtered and immediately alysed on malate and citrate.

The experimental design was a completely randomised one with three replicates. The
treatments resulted from a factorial combination of two Al concentrations (0 andviLOO
Al) and ten maize genotypes. Analysis of variance was performed for all plant charac-
teristics measured using the General Lingladels procedure of SAS (SAS Institute,
1990). When significant, the genotype xitleraction was partitioned into single degree
of freedom orthogonal consts, where Al concentratiomgere studied in simple effect
comparisons within each genotype. To study the Al resistance as expressed by the ratio
[+Al/-Al], the data were log-transformednsie [log(+Al/-Al)] = [log(+Al) — log(-Al)].

Using the ‘estimate’ statement of General Linear Models procedure of SAS (SAS Insti-
tute, 1990), these differences were calculated and the values were further compared us-
ing the Tukey test.

Results

Root Elongation Assay

Distinct root elmgation rates (RER) were observachong the genotypes growing in
nutrient solution with and without Al, which resulted in a highly significant genotype x
Al interaction. Taking into accotithe natural genotypieariation in RER, comparisons
were always done betweéh concentrations within e&icgenotype instead of comparing
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RER values of different genotypes at each Al concentration. These comparisons revealed
a wide range of Al resistance among ten genotypes studied (Table 1).

Table 1. Root length at the beginning of Akaitment (intercept) (standard error) and
Root Elongation Rates (RER) of maize genotypes grown for 96 hours in culture solution
containing various concentratie of Al. Within each genotype, only values marked with

** (p<0.01) or * p < 0.05) are significantly different from the control (Al 0)

Group/Genotype Intercept Root Elongation Rate
Al O Al 10 Al 20 Al 40 Al 100
I. Resistant mm mm R*
G4 1417 +4.4 1.277  1.482(16) 1.043 (18) 1.150 (10) 0.750 (41)**
G1 91.4+25 1.368 1.311(04) 1.153(16)  1.195 (13) 0.728 (47)**
G5 93.4+29 1.270  1.366(08) 1.330 (05)  0.938 (26)*  0.772 (39)**
Group Mean (07) (13) (16) (42
I1. Intermediate
G3 149.8+35 1416  1.443(02) 1.218 (14) 0.841 (41)**  0.434 (69)**
G6 89.4+23 1.451  1.524(05) 1.290 (11)  0.765 (47)**  0.294 (80)**
G2 450+1.9 0.845 0.848(<1) 0.665 (21)  0.436 (48)**  0.153 (82)**
G10 136.7 +2.3 0.865  1.073(24)0.741 (14) 0.409 (53)**  0.209 (76)**
Group Mean (08) (15) (47) 77
I11. Sensitive
G8 158.2+3.1 1589  1.424 (10) 1.207 (24)** 0.740 (53)**  0.340 (79)**
G9 113.3+2.9 1.343 1.274(05) 0.968 (28)** 0.538 (60)**  0.212 (84)**
G7 104314 1.214  1.276 (05) 0.780 (36)** 0.391 (68)**  0.185 (85)**
Group Mean (03) (29) (60) (83)
Overall Mean (04) (29) (42) (68)

! Values between parentheses are percentage redociirease (underlined values) in RER

With exception of the lowest concentration of Al (UM Al), the Al treatments
caused a general reduction in RER, and conséguénroot length of the maize plants.
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Averaged across the ten maize genotypes, the reduction in RER varied from 19%, at 20
MM Al, to 68%, at 10QuM Al. When growing at 1M Al in solution, most genotypes
showed a beneficial effecf Al on root elongationfeaching up to 24% of increase in
RER.

The ten genotypes were divided into three groups according to their similarity in sen-
sitivity to increasing cotentrations of Al (Table 1). Ehdifferences among groups could
be illustrated very clearly. While group 1l shed a significant reduction in RER of
29% at 20uM Al, group | only showed a significant reduction in RER (42%) when 100
UM Al was applied. This arage reduction of 42% withaits of group | was compara-
ble to the reduction of 47% caused by 4@ Al with plants of group Il. Although all
genotypes showed significant reduction of the RER when growing at 100 Al, G4
and G5 were less affected than the other genotypes.

At 40 uM Al the differences in Al sensitivity ammg genotypes were highest as the
greatest variation in RER was observed. Showing a similar RER in the absence of Al,
G4 had the lowest (10%) and G7 had highest (68%) reduction in RER at At Al
compared to their controls.

Al concentrations lower than 40M were too low to induce sufficient large changes
in root elongation with all ten genotypes. At iM Al in solution, RER of several
genotypes was even higher than in theesigce of Al. Based on RER values at 20, 40,
and 100uM Al in solution (Table 1), differencds Al sensitivity among groups were
clearly shown. With significant root impaiant at Al concentrations > 20,40, and >
100 uM, groups llI, Il, and | represent nzai genotypes sensitive, intermediate, and re-
sistant to Al, respectively.

Soil Test
The chemical characteristics oktkoil solution after apigiation of lime and after culti-
vation are shown in Table 2. As expected eliapplied to the soil produced a range in
soil solution pH and soluble Al. Soil solution pH varied from 3.4 (unlimed) to 4.1 (high-
est lime rate), with corresponding Al concentrations in soil solutions decreasing from
1278 to 114umol Al L% Improved growth of plants withigher lime application caused
higher nutrient uptake and consequenthydo final concentrations of K, Ca, and Mg in
soil solution, but had no significant effect on P concentration in soil solution.

A factorial analysis of variance showed a significant (0.01) effect of genotype x
Al interaction on root length (RL), spedifiroot length (SRL), and shoot dry matter
(SDM), but not on root dry matter (RDMNon-linear regression was performed be-
tween total root length and lime rates for each genotype. The regression equations were
then used to calculate the requested lime rates to reach 90% of the maximum total root
length development, as often used to caleulcritical values (Smith and Loneragan,
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1997), and the genotypes were ranked for Al resistance according to their requested
critical rate of lime.

Table 2. Analysis of soil solution from pots thi plants (+ plants) and respective blanks
without plantg— plants) after harvesting

Limerate pH Al P K Ca Mg poct
g Ca(OH) kg™ soil pmol L™ mg L™?
(- plants) 0.0 3.36 1434 13.2 5960 555 2185 467.5
(+ plants) 0.0 339 1278 148 4650 509 2219 476.5
(- plants) 0.5 3.63 492 148 6039 4222 1923 390.4
(+ plants) 0.5 3.63 389 15.2 1025 3035 1414 422.8
(- plants) 1.0 3.86 229 145 5718 7410 1888 360.6
(+ plants) 1.0 3.82 218 18.4 631 5011 1139 416.8
(- plants) 1.9 4.09 127 11.3 5417 15702 2289 328.3
(+ plants) 1.9 4.12 111 129 439 9309 988 383.0

1 DOC: dissolved organic carbon

The growth of all genotypasas markedly reduced withcreasing soil Al saturation.
However, the maize genotypes differed widely in response to the addition of lime to soil
(Table 3 and Figure 1). G4 and G5 showed a much faster increase in root length in re-
sponse to addition of lime than G6, G8ddr9. Consequently, G4 and G5 reached 90%
of their maximum root development withihe range of conditions imposed, while G6,

G8, and G9 did not. At the highest lime rate the root length produced as related to the
maximum estimated using the equations 84%, 57%, and 79% for G6, G8, and G9,
respectively.

Apart from the reduction inoot length caused by Al, its deleterious effects on the
root system could also be seen on the specific root length (SRL) (Table 4). With unlimed
soils, roots of all genotypes were shorted dhicker than roots of plants growing on
limed soils, which is known as a typi@tmptom of Al-induced root damage. With the
addition of 0.5 g Ca(OH)kg™ soil, the SRL increased substantially with all genotypes
and the SRL values of 6 of them (G1, G&, G4, G5, G7) were not significantly differ-
ent from those grown at the highest limeerdh contrast, the othd genotypes (G6, G8,
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G9, G10) needed higher rates of lime to produce SRL values more similar to their roots
growing under low Al stress conditions.

Table 3. Equation parameters and critical rates of ltméoe applied for 90% of maxi-
mum total root length of maize gegpes grown in an acid soil

RL=a+bx [1 - exp(€ x lime)[*

Group/Genotype Parameters Critical Rate CR)
a b c 2 g Ca(OH) kg™ soil

|. Resistant

G5 117.9 243.5 2.3432 0.89 0.81

G4 126.7 330.5 2.1673 0.85 0.91
Group Mean 0.86

Il. Intermediate

Gl 144.4 384.8 1.2868 0.85 1.54

G7 97.4 223.4 1.2489 0.89 1.55

G2 81.3 278.8 1.2021 0.88 1.70

G10 103.4 3324 1.1801 0.94 1.72

G3 98.6 479.0 1.1846 0.92 1.79
Group Mean 1.66

I11. Sensitive

G9 57.9 450.3 0.7580 0.90 2.88

G6 82.2 687.3 0.4804 0.95 4.56

G8 125.8 961.8 0.3802 0.94 5.73
Group Mean 4.39

TRL: total root length (m plaf); lime: rate of lime (g Ca(OHXkg ™ soil)

Culture Solution Test

The analysis of variance showed significdifferences between genotypes and a sig-
nificant effect of Al on root length (B, specific root length (SRL), shoot dry matter
(SDM), and root dry matter (RDM). Al caused a general reduction of all plant charac-
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teristics evaluated, but as tetion varied among genotypes significant effect of the
interaction genotype x Al was found f®L, SRL, and SDM. The plant characteristics
used to evaluate differences in Al resistanogong the genotypes showed differential
magnitudes of sensitivity to Al. Undoubtedigl. showed the highest sensitivity to Al,
followed immediately by SR The reductions in RL an8RL caused by Al were sig-
nificant (p < 0.01) in all genotypes (Table 5) atite widest range of Al resistance, as
expressed by the ratio [+Al/-RAlwas observed using RL. Meover, a significant differ-
ence between the most Al resistant gepesy(G4 and G5) and the most sensitive one
(G9) was only detected when RL was usBeéductions in SDM and RDM were less
drastic among the genotypes, although some of them were significant.
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Lime rate (g Ca(OH)kg ™" soil)

Figure 1. Total root length response of foomaize genotypes differing in Al resistance
(G4, G5, G6, and G9) to the applicationiméreasing rates of lime to an acid soil. Verti-
cal bars denote + SE.

Results of a chemical test on root orgaam@n concentration, a possible indicator or
biomarker, illustrating the pht resistance to Al showed signifitaenotype x Al inter-
action on root concentration oftrate and malate. Exposure to Al caused an overall in-
crease in concentration of both organic anions in the roots (Figure 2). Root concentra-
tions of citrate and malate were significantlghnér in the presence of Akith exception
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of malate in G6, G8, and G9. The increaseoot concentration varied from 91% (G6)

to 196% (G7) for citrate and from 9% (G9) to 132% (G1) for malate. The genotypes
differed significantly in rootoncentrations of both orgarémnions, but only in the pres-
ence of Al (Figure 2). Without Al in the rooting medium, the mean concentrations were
4.1 mmol kg* root dry matter for citrate and 14.3 mmolkgoot dry matter for malate.
However, a grouping of the ten genotypes according to their root concentrations of cit-
rate or malate (Table 5) did naoincide with tle grouping according to their differential

Al resistance (Tables 1, 3, 4, and 5).

Table 4. Specific root length of mag¢ genotypes in responsethe application of lime to
an acid soil. Within each genotype, only values marked withp*« (0.01) or * ¢ <
0.05) are significantly differeritom those of the highest lime rate

Specific Root Length (m§ root dry matter)

Group/Genotype Lime rate (g Ca(O5#g ™ soil)

0.0 0.5 1.0 1.9
|. Resistant
G5 105.2* 137.5 150.6 133.8
G4 97.7** 155.1 142.2 137.1
Il. Intermediate
Gl 97.6** 143.7 159.8 147.6
G7 96.5** 134.7 150.5 159.2
G2 103.2** 148.1 176.6 169.9
G10 90.3** 108.8** 158.1 156.3
G3 81.1** 126.4 151.0 144.3
I11. Sensitive
G9 80.0** 122.4** 155.4 166.5
G6 85.2** 134.3** 156.1 178.4
G8 81.9** 144 .8** 131.2** 183.4
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Discussion

Genetic variability with respect to Al resistance existed among the screened maize
genotypes in an acid soil and in cultw@ution. The genotypes showed a consistent
reaction to the stress factors Al or pH wiggown in different rooting media under dif-
ferent stress intensities. Due tdfelient root elongation rates (RER) of the genotypes,
the actual Al resistance of a particular genotype is confounded when RER are compared.
Thus, relative Al resistance in the root elongation assay was calculated within each
genotype by comparing rogrowth under different Al @ncentrations with zero Al as
control. These comparisons showed that the genotypes G7, G8, and G9 were much more
affected by Al than G1, G4, and G5, the latter three classified as Al resistant. Most of the
genotypes showednhanced root elongation at i Al. Enhancement of growth by

low concentrations of Al has been observed ifzmél_lugany et al., 1995) and in other
plant species (Bollard, 1983). The proposed mechanisms by which low Al concentra-
tions may stimulate plant grokvinclude improvement of Fend P nutrition, alteration

in the distribution of growth regulators, pemtion of Cu and Mnoxicities (Foy, 1984),

and alleviation of Htoxicity (Kinraide, 1993).

The seedling screening method based oR REs effective in separating resistance
differences among genotypes and can be usedrel&able and earlindicator of Al re-
sistance in maize. However, as noted by Sartain and Kamprath (1978), short-term root
elongation studies are probably only reflectihg effects of Al orroot cell elongation
and cell division whereas longer-term studies, either in nutrient solution or in acid soil,
give an integrated effect of Abxicity on plant growth, eantually including final grain
yield.

A great concern when screening germplasm for Al resistance is that genotypes can
interact with the screening meda, leading to false ratings amdt showing all genetic
sources of Al resistance. Also, the classification of genotypes based on their Al resis-
tance in rapid screening methods very oftiees not correlate well with their growth
response in acid soils (Kasim et al., 1990). However, in the current study a good agree-
ment was found on the performance of the genotypes. They were ranked for Al resis-
tance in the same general order both in culture solution and in soil, although genotypes 1
and 7 showed small discrepancies acrosgahkings. Classified a&l resistant in the
root elongation assay, G1 exhibited anrimediate performance in the acid soil and in
the culture solution test where possibly factors other than Al may have caused it a lower
performance. On the other hand,, @lassified as Al sensitivia the root elongation as-
say showed a response to lithat conferred it a high positi in the intermediate group.
Higher resistance to 'Hoxicity and higher efficiencin uptake of P, Ca, and Mg under
acid conditions are among the possible reasimaismay have conferred G7 a better per-
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formance. As found for sorghum genotypes grown in the presence and absence of toxic
concentrations of Al, the greateotential for increasindry matter yields of Al resistant
genotypes could be partly besz they had higher root iof rates of some nutrients
(Baligar et al., 1993).

Table 5. Effect of the addition of 10QM Al (relative to OuM Al) on total root length
(RL), specific root length§RL ), shoot dry matterSDM), root dry matterRDM), root
concentration of citrateQI T), and root concentration of malatel AL) with plants of

ten maize genotypes grown for 14 days in cel&olution. Relative values of the various
plant characteristics are expressed by [(+Al/-Al)x100]. Values marked witlp & (
0.01) or * p < 0.05) indicate significant reduction caused by Al. Within each plant char-
acteristic, values followed by a different letter are significantly diffeqgrt@.05)

Group/Genotype RL SRL SDM RDM CIT MAL
|. Resistant

G4 60** a 63** a 80* a 107 a 260*a 195*a
G8 52** a 61** a 60** a 69**a 274*a 143* a
G5 51** a 58** a 81* a 84 a 195**a 181**a
I1. Intermediate

G3 47**ab  56**a 61** a 87 a 265**a 208**a
G6 46**ab  48**a 70** a 83 a 191*a 13z a
Gl 44** ab 47+ a 68** a 77 a 262**a 232**a
G7 40** ab 44** g 57** a 71**a 296**a 184**a
G2 39**ab  52*a 61** a 70**a  n.d. n.d.
G10 38** ab 43** g 62** a 73* a 211*a 148" a
I11. Sensitive

G9 26** b 41** a 62** a 65**a 265*a 109 a

1'n.d.: not determined

It seems that 10QM Al in the culture solution test, in combination with the time of
exposition to Al (14 dayshad a too severe effect on ratgvelopment of the genotypes,
making them less resistant to Al. Nevertheless, the Al resistance ranking obtained is in
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agreement with those obtained in the otheo experiments described. Most of the
genotypes with an intermediate resistance to Al stayed in such a group. Ranking the
genotypes based on RL and SRL, conferreca@®tter position than previously. How-
ever, in terms of shoot biomatkss genotype had the secamdhest reduction among all

the others. G5 and G4, classified as Al resistant, performed significantly better than did
the Al sensitive G9 (Table 5).

Difference in Al resistance of a genotyp® observed in experimis with acid soils
and culture solution might also be partly doedifferent availability of nutrients and
water in the two different rooting media. Mokeer, in this work Al concentrations in the
culture solution were much lower than those found in soil solution of the acid soil as
used in the soil experiment. That even at miigimer Al concentrations in soil solution
effects of Al in soil and culture solution were comparable has to be explained by differ-
ences in Al speciation among the two substrates. In the soil as used, concentrations of
dissolved organic carbon (DOC) were high, @ty leading to a partial complexation
and detoxification of the soluble Al with organic anions as citrate and fulvate (Hue et al.,
1986; Suthipradit et al., 1990). Just contrary, in culture solution most of the Al will be
present in the toxic form as monomeric Alifkaide, 1991). Furthermore, in soils the
rhizosphere established confers local conditions that are different from the bulk sall,
mainly with respect to pH, and Al and root exudates concentrations (Marschner, 1991).
This often frustrates comparisohexperiments with nutrient solution and soil as rooting
substrate.

Root length characteristics have been preferred as indicator of quantitative evaluation
of plant resistance to Al toxicity over root dry matter and shoot characteristics, especially
in short-term experiments, when most pronounced effects of Al take place in the root
system. When using root dngatter, no significant interdon effect of genotype and Al
was found in the soil and culture solution test. A strong effect of Al on root morphology
was shown (Tables 4 and 5). Under Al stresaditions, most genotypes showed low
values of SRL indicating a root system wshort roots of in@ased diameter and poor
branching. The lateral root initiation and development are strongly influenced by envi-
ronmental factors, including Al toxicity, and it is generally accepted that the total length
of a root system is mainly determined by kegth of fine branch rde (de Willigen and
van Noordwijk, 1987). Furthermore, laterabts provide important means of construct-
ing a root system, increasilitg absorptive area and the volume of substrate exploited.
Therefore, a poorly developedot system will shova range of secondary effects of Al
such as disturbance of hormone balance, @efiyi of essential nutrients, inhibition of
photosynthesis, alterations in canballocation, and alteratioris water relations (Foy,
1984). All these changes are partly causedabynhibition of root growth and finally
result in plant growth reduction.
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Figure 2. Organic anion concentratian roots of maize gerypes growing at two con-
centrations of Al in solution. Data are means of three replicates * 15&.: not deter-
mined.

The critical rates of lime application calculated in the soil experiment indicated how
genotypes reacted to the application of lime and alleviation of soil acidity. These critical
rates can be interpreted as the level df aadity or pH requestd by genotypes for op-
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timal root development. While limapplication rates higher than 1.0 g Ca(@k)™ soil

did not cause any further significant increase in root length with genotypes G4 and G5 of
the resistant group |, the genotypes of group Ill were still responding significantly to the
alleviation of soil acidity at such lime ratgyggesting that the plants were still experi-
encing Al toxicity. The potential root dewgment of Al sensitive genotypes was proba-
bly not fully realised even at the highest lime rate since the calculated doses of lime to
achieve 90% of their maximum root length were beyond the range studied.

Results of a test to use the internal root concentrations of organic anions, particularly
that of citrate, as a biomarker that might reflect plant resistance to Al were not promis-
ing. The presence of Al in the rooting medium significantly increased internal root con-
centrations of citrate and malate with mgshotypes, but genotypic variation in root
concentration of these organici@ams could not explain thdifferences in resistance to
Al as observed in our work. An increase in the concentration of citrate and malate in
roots exposed to Al has been reported in maize (Gaume et al., 2001; Pintro et al., 1997),
sorghum (Galvez et al., 1991), and wheat (Foy et al., 1990). Studying pairs of maize
cultivars contrastingn Al resistance, Gaume et al. (2QGnd Pintro et al. (1997) found
that the increase in concentration of organic anions in roots was higher in the Al resistant
cultivar than in the Al sensitive one, suggesting that the increase in concentration of or-
ganic anions may contribute to Al resiste. However, changes in organic anion con-
centration as found in our work have to be interpreted as the result of Al-induced stress
and not as a basis for differential Al resistance. Results of our work also agree with those
of Foy et al. (1990) who found no correlation between differential Al resistance of five
wheat cultivars and changes in organic anion concentration in either shoots or roots.

The results of the screening techniques were used jointly to enhance the identifica-
tion of Al resistance and thmost contrasting genotypes were well defined. G4 and G5
were very resistant to the stress conditions tested. Genotype 5 has consistently shown
better growth responses than other genotyglean grown undeAl stress (Kasim and
Wassom, 1990; Lopes et al., 1987) and is kntahe resistant to acid soils (Pandey et
al., 1994). Lopes et al. (1987) reported that G5, together with the experimental hybrid
CMS200, showed the lowest reduction (27%) in relative elongation of the seminal root
after 8 days at 22@M Al in a test study for Al restance involvingl3 maize popula-
tions. Genotype 5 was developed from linethveuperior performance in tropical acid
soils and was indicated as source of resistance to Al in breeding programs. G9 showed to
be very sensitive to Al, beingadsified as Al sensitive iall the experiments performed.

G5 and G9 are therefore good candidates for further study of Al resistance mechanisms,
as described in Chapter 3.

In conclusion, the three screening techniques used produced very similar results,

leading to a consistent Al resince ranking of the genotypds.contrast, internal root
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concentration of organic anions could not be wsedhdicator ofAl resistance. Al resis-

tance in relation to plant organic anions angirtiexudation by roots will be studied in
Chapter 3, where aspects of organic anion exudation by roots in response to Al and their
possible role in resistance to Al will be the main topic.
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Evaluating the role of root citrate exudation as a mechanism of alu-
minium resistance in maize genotypes*

Abstract — Organic anion exudation by roas a mechanism of aluminium (Al) resis-
tance has been intensively dedllately. In the present studye evaluated qualitative

and quantitative aspects of root exudation of organic anions in maize genotypes of dis-
tinct sensitivity to Al in regonse to Al exposure. Roots of maize seedlings were grown
axenically in nutrient solution and rootwelates were collected along the whole seminal
root axis for a short period (4 h) ugim divided-root-chambeec¢hnique. In root exu-
dates collected from 10-mrorig root apices, citrate accoedtfor 67% of the total or-
ganic anions found, followed by malate (29%@ans-aconitate (3%), fumarate (<1%),
andcis-aconitate (1%). Rates of citrate eatidn from root apices of two genotypes with
differential resistance to Al were consistently higher in the Al resistant one, differing by
a factor of 1.7-3.0 across a range of external Al concentrations. Furthermore, relative Al
resistance of eight maize genotypes correlated significantly well with their citrate exu-
dation rate measured at 41 Al. Higher exudation ratewere accompanied by a less
inhibited root elongation. The exudation afrate along the longitudinal axis of fully
developed seminal roots showed a particuldtepa citrate was exuded mainly in the
regions of root apices, either belamgto the main root or to the lateral roots in the most
basal part of the main root. The involvement of citrate in a mechanism of Al resistance is
evaluated in terms of protection of the roanfrthe effects of exss Al on root elonga-

tion and on nutrient uptake along a roasashowing distinct sites of citrate exudation.

Key words: aluminium exclusion, aluminium toxicity, citrate, organic anions, sterile root
exudatesZea mays cultivars

* with Willem G. Keltjens
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Introduction

Aluminium (Al) toxicity is a major factor initing plant growth oracid soils. Strategies

to overcome the negative effects of Al on plant growth in these soils include the applica-
tion of lime to raise soil pH and lower soil exchangeable Al, and the use of crop species
that are resistant to Al-toxic soils (Foy, 1984). Species like maize, sorghum, soybean,
and wheat show considerable intraspecific variation in resistance to Al. Plant breeders
have exploited this variah in maize aiming to develogenotypes with superior resis-
tance to Al and soil acity conditions (Pandey et atl994). Differences in varietal re-
sistance to Al have been cdered in terms of mechanisms facilitating Al exclusion
from the root symplast (Al exclusion) and mechanisms conferring the ability of plants to
tolerate Al in the plant symplast (Al tolerance) (Kochian, 1995).

Exclusion mechanisms are those mechanisms where metals are prevented from
crossing the plasma membrane, entering the symplast, and reaching sensitive intracellu-
lar sites. Exclusion mechanisms might include immobilisation at the cell wall, selective
permeability of the plasma membrane, anplinduced pH barrier ithe rhizosphere,
exudation of chelate ligands, exudation of phosphate, and Al efflux (Taylor, 1991). The
exudation of metal chelators into the root apoplast in response to Al toxicity has received
much attention during the last years. In this hypothesised mechanism, the compounds
released by root cells into tla@oplast would form complexegth Al, thus reducing the
Al®* activity locally and reducing Al absorption across the plasma membrane. Reduction
of AI** activity in the apoplastic compartment itself would also confer Al resistance,
since Al interactions with the cell wall and cell membranes, preceding any transport into
the symplast, are potentially harmh{elhaize and Ryan, 1995).

Among the potential metal chelators releaseddwoys, a wide range of organic com-
pounds has been proposed. They vary froot mucilage, which actually is a complex
mixture of root cap mucilage, metabolicaligtive root border c, and cell wall frag-
ments (Miyasaka and Hawes, 200tb low-molecular-weight ganic anions (Ryan et
al., 2001). Low-molecular-weight organic anions such as citrate, fumarate, malate, and
oxalate have been intensively studied asspmy involved in a mechanism of Al resis-
tance in plants, due to their involvementiiany metabolic processes and to their nega-
tive charge, conferring them the capacity to complex metals. It was proposed that the
exudation of malate from roapices could protect the rooy chelating and thus detoxi-
fying Al in the rhizosphere (Delhaize at., 1993). Studying a pair of near-isogenic
wheat lines that differ in Al resistance at a single dominant locus, Delhaize et al. (1993)
found a good correlation between Al-induced malate release, Al resistance, and Al ex-
clusion from the root apex. Root exudat of organic anions as a mechanism of Al ex-
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clusion has also been supported by studid¢ls ether species like buckwheat (Zheng et

al., 1998), maize (Jorge and Arruda, 1997; Pellet et al., 1995), snapbean (Miyasaka et al.,
1991), and soybean (Silva et al., 2001; Yahgl., 2000). Specifically with maize, expo-
sure to Af* induced a rapid release of mostly citrate and malate by roots of genotypes
showing differential sensitity to Al (Gaume et al., 20L; Kollmeier et al., 2001; Pellet

et al., 1995). Each of these studies evaluated a pair of genotypes of significant differen-
tial sensitivity to Al. Because higher exudation rates were observed in the more Al re-
sistant genotype of each pair, the authgeserally proposed that this mechanism of
protection against toxic Al might be aleperative in maize. Heever, a relationship
between resistance to Al andganic anion exudation withia group of genotypes with
distinct degrees of Al resistance has not yet been shown.

In most of these studies root exudates were either collected only from the apical re-
gion of roots (Kollmeier et al., 2001), or from the entire root system with the assumption
that the measured exudation has occurred solely in the root apex (Gaume et al., 2001;
Jorge and Arruda, 1997). In both cases, exudation only from the root apex or exudation
from the entire root, no information is maaeailable on the sgial or longitudinal dis-
tribution of organic anion release along thetréddthough it is now well established that
Al causes reduction in root growth only when in contact with the apical 2—-3 mm of the
root (Ryan et al., 1993; Sivaguru and Hpf998), one could speculate that release of
organic anions exclusively at the root apex would only protect this part against excess
Al, but would leave the restf the root unprotected agat the well-known negative ef-
fects of Al on nutrient uptake (Keltjens, 1995; Rengel and Robinson, 1989a).

There are few studies that investigated exudation by root zones other than the apical
one (Pellet et al., 1995; Pifieros et al., 2002). Although they both used maize seedlings in
their experiments, these studies showed distinct results. Pellet et al. (1995) reported that
neither citrate nor malate exudation wasasured in mature zones of the root. Con-
versely Pifieros et al. (2002) reported recently that root segments as far as 60 mm behind
the root tip can exude citrate at rates very much similar to those measured within the first
mm of the root tip. Because they used iaitlstudies methodologies that are basically
different [intact roots in Pelteet al. (1995) versus exciseabt segments in Pifieros et al.
(2002)] a fair comparison of the results seems impossible. Furthermore the pattern of
organic anion exudation along the rootsagannot be concluded from these conflicting
results. To resolve this question and to get more insight into the longitudinal distribution
of organic anion release along intact, whole root systems of maize seedlings as well as
into other aspects of thewation of organic anions on Adsistance in maize this study
was established.

The aims of the present work were therefore to stujlyhé effect of Al exposure of
maize genotypes differing in Aensitivity on root organianion exudation, both quan-
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titatively and qualitatively,i{) the relationship between Aésistance and the root or-
ganic anion exudation rate, anidi)(the spatial distribution of organic anion release
along intact roots of maize seedlings. In this paper, a first qualitative evaluation will be
made on the possible role of organic aniona resistance mechanism to Al. The role of
citrate will be evaluated in ternt$ protection of the rodfrom the effects of Al on root
elongation and on nutrient uptake along a Bpas showing distinct sites of citrate exu-
dation.

Materials and methods

Plant material and seedling growth

Two genotypes of maiz&éa mays L.) showing differential resistance to Al were inten-
sively studied, while behaviowf six other genotypes was studied only in one experi-
ment. All eight genotypes were selected from a collection of ten Brazilian maize geno-
types screened before for resistance to Al in both culture solution and acid soil. The two
genotypes, CMS36 (Al resistant) and BRA®6 sensitive), showed the greatest differ-
ence in resistance to Al among the ten genotypes tested (Chapter 2).

Roots of seedlings were grown axenically to prevent microbial degradation of or-
ganic compounds exuded by roots. All mistis used in the experiments were auto-
claved and successive treatments were carried out in a laminar-flow hood. To sterilise
the surface of the seeds, they were immersed for 1 min in 96% ethanol, soaked for 1 h in
a solution containing 1.5% sodium hypochlorite (from commercial bleach) + 1% Tween
20, and subsequently incubated for 15 min in a 1.5% sodium hypochlorite solution. After
each treatment the seeds were rinsed three times with sterile demineralised water. To
check for eventual microbial contamination surface-sterilised seeds were germinated on
nutrient agar plates prepared with a Mr@aSQ solution. The plates were placed in a
dark chamber at 25 °C for 90 h. After germination, uncontaminated seedlings were indi-
vidually transferred to Petri dishe® ©4 mm) containing 50 mL of a sterile basal nutri-
ent solution with pH 4.0 and composition Nth 1.0 NH,NO;, 0.005 NaHPQ,, 0.5
K>SO, 0.5 CaCl, 0.125 MgSQ@, and (1M): 46 B, 0.3 Cu, 286 Fe (as Fe-EDTA), 0.1
Mo, 9.2 Mn, 0.8 Zn. The nutrient stion was adjusted to pH 4.0 with OM HCI and
autoclaved before the addition of filter-sterilideel EDTA stock solution.

In each Petri dish, the roots of one seedling were grown horizontally oriented
whereas the shoot was grown vertically through a small notch made in the edge of the
lid. The notch was sealed with lanolin and the Petri dish wrapped with foil and trans-
ferred to a growth chamber where the seedlings were grown for 3 days at 20 °C under a
regime of 16 h light (light intensity 80 WTRY8 h dark.
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Aluminium treatments and collection of root exudates
Aluminium was added to the sterile basal nutrient solution with composition as de-
scribed above (without Fe-EDTA) to reach concentrations ranging from O oM @0.
Al was diluted from a filter-sterilised stock solution containing 1@ #ICl; and 0.1
mM HCI. After the 3-d pre-growth, the Al treatmt solutions (50 mLwere applied to
the seedlings in the same Petri dishes in which they had been growing during the pre-
ceding 3 days, replacing the old nutrientusiohs. The time of exposure to Al varied
from 0 to 24 h before the celition of root exudates started.

The divided-root-chamber teclopie, described by Ryan et £1993) and Delhaize et
al. (1993), was used to study the exudatiborganic anions by roots of maize seedlings
in response to Al in solution. Organic anion exudation was studied not only over the api-
cal region of roots, but also along the londithal axis of the whole main root of the
seedlings. After 0 to 24 h of Al pre-treatment, seedlings were transferred to large Petri
dishes @ 145 mm) where they had their roots &bt divided using plastic ringsq 13
mm). These plastic rings were placed over the apical 10 mm of every seminal root of a
seedling (Figure 1A) or overehwhole main root onlyFigure 1B), covering it all from
the root apex to the most basal section of the root. A thin layer of vaseline was used to
seal the space between the plastic ring and the bottom of the Petri dish and a layer of
agar was poured around each plastic ring to hold it over the root. Each plastic ring iso-
lated either an apical 10-mm or a 13-mm loagtrsection from the rest of the root sys-
tem forming an individual chaer. An aliquot of 0.5 mlof Al treatment solution was
applied to each chamber and with 50 mL of the same treatment solution the rest of the
root system was covered. The iPdish holding the system was closed with a lid to pre-
vent contamination and evaporation of theatment solutions, wrapped with foil, and
transferred to the growth chamber. The solutions enclosed by the rings (diluted root exu-
dates) were collected after 4 h and stored at —18 °C. Aln &iquot of the diluted root
exudate was plated on nutrient agar and incubated in a dark chamber at 25 °C for 7 days
to check for eventual microbial contamination. Contaminated root exudates were dis-
carded.

To study the effect of timef exposure to Al prior tdhe organic anion exudation
measurement, seedlings of the Al resistant genotype were incubated for 30 hiiMa 40
Al solution. In this timeinterval, the root exudates veecollected twice, i.e. during the
intervals [4-10]h and [24-30]h &ft the start of the exposure.

Root exudation of organic anions in respotts@l concentrations in solution (0, 10,
20, 40, 10QuM Al) was studied in the root apiceslofth genotypes. Each Al concentra-
tion was tested in 3—4 seedlings of CMS36 and 5 seedlings of BR106. Within each seed-
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ling, 2—6 root apices were sampled in CNSthd 3—6 apices in BR106. Root exudates
were collected after 24 h of pre-treatment at corresponding Al concentrations.

The distribution of organic anion exudatiatong the longitudinal axis of the main
root was studied only in th&l resistant genotype in aaxperiment with two Al concen-
trations (0 and 4@M Al). Root exudates were collected after 24 h of pre-treatment at O
or 40uM Al. At the end of the experiment the number of lateral roots enclosed by each
plastic ring on the more basal section of the root was counted under a binocular (3.2 x
magnification). Three to five replicate seedlings were prepared for each treatment and
the entire experiment was repeated once. Because the seedlings used did not have roots
of the same length, the number of plastitgs used to cover the entire root varied
among the replicates. Hence, the exudation values measured in the plastic rings could
not be directly compared between replicates, unless the number of rings used was the
same. To overcome this problem, we considered each plastic ring as representing a per-
centage of the total length of the root. Therefore, the total root length was divided in 100
units (= 100%) and the citrate exudation value of each ring was repeatedly attributed to
every unit that such ring represented. Exemplifying, for a seedling in which nine rings
were used to cover the whaleot, each ring representeteven units (= 11%) and the
nine rings completed 100 units. Once evemt tad the same relative length, the aver-
age of every unit (1%) was calculated among the replicates of the treatments.

Besides CMS36 and BR106, six other genotypes (64x1143, HD91102, 13x1143,
11x723, HD9148, and 20x22) were used in a series of experiments in an attempt to find
a relationship between Al resistance and root exudation of organic anions. For this pur-
pose, root exudates were collected from the root apex of the main root of seedlings of all
genotypes (five seedlings of each genotype) after a pre-treatmentiist ADfor 24 h.

Data on the Al resistance of these genotypa® wbtained in a previous work (Chapter

2). The Al resistance of thgeenotypes was expressed by the percentage reduction in the
root elongation rate caed by 40 and 10QM Al, relative to root elongation rate of
seedlings grown in control solution (i1 Al).

Analysis of organic anionsin root exudates

To get information about theddribution of various types atrganic anions exuded, root
exudates of the first experiment were first analysed by reversed phase High Performance
Liquid Chromatography (HPLC) in theriuppression mode. Separation was conducted

on a 250 x 4 mm reversed phase column (GROM-SIL 120 ODS-3 @R, particle

size) equipped with a 20 x 4 mm Hypersil ODS guard column (Grom, Herrenberg, Ger-
many). Sample solutions (3{L) were injected onto the column, and 181nKH,POy
adjusted to pH 2.1 with 3P0, was used for isocratic elution, with a flow rate of 0.5 mL
min™* at 28 °C and UV detection at 215 nidentification of organic anions was per-
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formed by comparing retention times andg@iption spectra with thoss known stan-
dards (Neumann and Rémheld, 1999).

The diluted root exudates collected from each plastic ring in all experiments were in-
dividually assayed for citrat By using enzymatic methods, 0.66 mL of sample (0.50 mL
of root exudate + 0.16 mL of water) wasubated with 0.33 mL of buffer (Glycylgly-
cine, 0.51 mol % Zn**, 0.6 mmol % pH 7.8), 8uL of NADH (6 mmol L™, and 7uL
of a mixture of malate dehydrogenase (MDH) and lactate dehydrogenase (LDH) (0.5 mg
MDH mL™% 2.5 mg LDH mL%). Oxidation of NADH, triggered by the addition ofu.
of citrate lyase (40 U nil), was monitored by UV specsoopy at 340 nm on a chart
recorder and is directly proportional to the amaf citrate in the sample (Boehringer
Mannheim, 1984).

Satistical analyses

A two-factor nested ANOVA was appliedrfeach genotype in the experiment of exu-
dation of organic anions in response to Al concentrations to ascertain the magnitude of
error at various stages of the experiment. The two factors were: (A) Al concentrations
and (B) seedlings. The factor B (seedlings) is nested within factor A (Al concentrations)
and used as an error term when testing factor A. The basic error variance is the variance
of the apices measurements, used to test factor B. Non-linear equations were fitted to
data on the relationship between Al stance and root exudati@f organic anions. The
analyses were computed using the SAS software (SAS Institute, 1990).

Figure 1. Aspects of the divided-root-chamberheijue showing the plastic rings over
(A) the root apices and over (B) the whole main seminal axis of a root system growing
axenically in a Petri dish.
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Results

Types of organic anions exuded

The HPLC analysis of root exudates collected from root apices of the Al resistant geno-
type grown at 4QuM Al detected citrate and malate as the major carboxylic anions ex-
uded under the conditions imposed (Table 1). Together they accounted for 96% (67% of
citrate and 29% of malate) of the total organic anions found, followed by much lower
concentrations otrans-aconitate, fumarate, ands-aconitate. Therefore, due to the
dominance of citrate over the other organimas and its high capagito complex Al,

in the subsequent experiments we limited our analyses to citrate, which was measured in
root exudates by ugy enzymatic methods.

Table 1. Exudation rates of different organiciams from root apices of the Al resistant
maize genotype CMS36 grown at 4M Al. Values are means = standard errors of 6
replicates

Exudation rate (pmol root apéxhour?)

Genotype trans- Cis- total of
Citrate Malate  Aconitate  Fumarate Aconitate organic anions
CMS36 256.5+59.9 110.0 +29.8 104 3.1 1.8+0.4 2.0+0.7 380.7 £77.5

Exudation of citrate by root apices
Root citrate exudation rate was significantly affected by the time that roots were exposed
to Al prior to exudation measurement. The rate of citrate exudation was even doubled
from the first to the second 6-h collection pekistarting 4 and 24 h after Al exposure,
respectively (Figure 2). Based on this strong increase of the citrate exudation rate with
time of incubation to Al, in succeeding experiments root exudates were always collected
after 24 h of pre-treatment at a given Al concentration. A pre-treatment with Al for a
period longer than 24 h was avoided, becaustirett effects of Alon root elongation
during such a long time.

The effect of external concentrations of Al on the exudation of citrate was compared
in root apices of both gengtes CMS36 and BR106. Tlaldition of as little as 1QM
Al to the nutrient solution significantly stimulated the exudation of citrate with both
genotypes (Figure 3). The exudation rates of citrate were distinct across the Al concen-
trations and genotypes studied. In the @nes of Al, exudation rates by the Al resistant
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genotype CMS36 were largely dependent onrazieAl concentratio, and at least 70%
higher than those found with the Al sensitive BR106. The biggest difference in exuda-
tion rates was observed at 40 Al, when root apices of the Al resistant CMS36 exuded
three times the amount exuded by the Als#&ve BR106. However, in the absence of

Al, citrate exudation rates were lowest and equal for both genotypes. The Nested
ANOVA for the effect of Al on the exudation rates of citrate showed a more pronounced
effect of Al with the Al resistant genotype, where the Al treatments had a highly signifi-
cant effect on the exudation rates of citrate, being responsible for 57% of the total varia-
tion found. Seedlings and root apices addiilar variations, 20% and 24%, respec-
tively (Table 2). In the Al seiitdse genotype, the conctration of Al had a less signifi-

cant effect, and root apices added the largest part of the variation found (51%).
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Figure 2. Exudation rates of citrate during the initial 30 h of exposure taM@\I for

the Al resistant maize genotype. The cumulative rate of citrate exudation of each collec-
tion period is presented as an average bfd root exudate collection. Data show the
means * standard errors of 5 measurements.

Al resistance of the eight Brazilian maigenotypes as related to exudation of citrate
is depicted in Figure 4. The exudation rates of citrate atM®\l were plotted against
the percentage reduction in the r@dbngation rate caused by 40 and 100 Al as
found before (Chapter 2). These relatiopshivere described by exponential equations:
Yao = 157.4 x exp(-0.0144x) {r= 0.40; P = 0.094), and ¥, = 34.9 + 189.4 x
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exp(-0.0186x) = 0.70;P = 0.048), y, and i representing root ehgation rate inhi-

bition (%) at Al concemations of 40 and 10QM, as dependent variables of the citrate
exudation rate (ol root apeX' hour?). The genotypes CMS36d BR106 that showed

the lowest and highest inhiloiti in root elongation after Al exposure, and were qualified

as Al resistant and Al sensitive, showed respectively the highest and one of the lowest
citrate exudation rate at 40 Al.

Exudation of citrate along intact roots

The main roots studied were fully deveda roots, about 120 mm in length and pre-
senting short (< 5-6 mm) lateral roots in the more mature part of the root. This part of
the root represented about 30% of the total length. The remaining of the root consisted of
the root apex and of an intermediate zone, the part between the root apex and the zone
with laterals. The apical zone of the root, enclosed by one plastic ring, represented about
15% and the intermediate zoneab55% of thdotal root length.
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Figure 3. Effect of the external Al concentration on the exudation rate of citrate by root

apices of the two maize genotypes showing the biggest difference in resistance to Al.
Vertical bars denote + SE.

Aluminium had a discernible and distinct effect on the exudation of citrate along in-
tact roots of maize (Figure 5). Little citrate was released along roots of seedlings grown
under control conditions (AM Al), whereas a clear pattern of exudation was observed
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through the differentmorphological zones of roots at 4M Al. The highest exudation

rates were observed in the apical region, a sharp decrease in the direction of basal zones,
and a rise again in the zone containing latesats. The sites of highest exudation were
therefore closely associated with the presence of root apices, either belonging to the
main root or to lateral roots.

Table 2. Nested ANOVA for the data on citrate exudation in response to Al concentra-
tions presented in Figure 3

CM S36

Source df MS F ratio Pr>F %

Al concentrations (groups) 4 96283.4 8.45 0.0014 56.5
Seedlings (subgrougs) 13 11391.2 421 <.0001 19.9
Apices (error 52 2704.1 23.6
BR106

Source df MS F ratio Pr>F %

Al concentrations (groups) 4 11649.3 3.60 0.0228 21.6
Seedlings (subgroups) 20 3233.1 3.16 0.0001 27.1
Apices (error) 78 1024.7 51.3

T percentage of the total variation added by each source within each genotype
2 variation among seedlings
3 variation among apices of each seedling

Discussion

In our experiments, root exudates were collected from seedlings growing free from mi-
croorganisms and for short periods soonréfie exudation of organic anions had been
induced to higher rates. Dividing intact roggatially in 13-mm segments (10-mm for

the root tip) allowed not only a qualitative evaluation of sites of organic anion exudation
but also a quantification of the fluxes of such organic molecules along the main root
axis. This experimental set-up allowed us to determine accurately the exudation of or-
ganic anions during a periddat root growth was minimum and re-absorption of exuded
organic anions by the roots cha neglected (Jones and Darrah, 1995).
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Figure 4. Relationship between exudation ratesitfite and root elongation rate inhibi-

tion of maize seedlings exposed to two concentrations of Al. Each data point represents a
different genotype of maize.dRt elongation rate inhibitioas caused by 40 or 100/

Al was calculated in reference to roots growing in solution without AIMQAI). Values

are means of 12 replicates. Citrate exudation was measured in root apices of seedlings
exposed to 4QuM Al and values are means of 5 replicates. From the left to the right on
the X-axis, the exudation rates correspond respectively to the genotypes: HD91102,
20x22, HD9148, BR106, 11x72684x1143, 13x1143and CMS36.

Five organic anions were found in rootudates of the Al resistant maize genotype
under conditions of Al stress. However, otthe exudation of ciate and malate, repre-
senting the majority of the organic anioesuded, seems to be the result of certain
physiological processes initiated or activatedaaponse to Al tagity. This finding is
consistent with recent repoxts root release of citrate anthlate induced by toxic Al in
maize (Jorge and Arruda, 1997; Kollmeier et al., 2001) as well as in other plant species
(for a review see Ryan et al., 2001). According to literature organic anions of low mo-
lecular weight are respectively released into root apoplast and rhizosphere in response to
a number of well-defined e@ronmental stresses (e.g. &xicity, and P and Fe defi-
ciency) and these responses are highly stress- and plant species-specific (Jones, 1998).
Citrate and malate are well-known strong metelators. They have a high affinity for
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trivalent metals such as #land F&" and their effectiveness in reducing®Abctivity
and in alleviating the toxic effects of Alto plants has been demonstrated in diverse
circumstances (Hue et al., 1986; Keltjens, 1995; Ownby and Popham, 1989).
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Figure 5. Exudation rates of citrate along the main root axis of the Al resistant maize
genotype CMS36 exposed to 0 (A) or i Al (B). On the Y-axis 100 values are plot-

ted. They represent the average exudation rates along the root axis of 6 replicates calcu-
lated as explained in Materials and methdRigot axes as used in the experiments are
schematised on the left-hand side for reference.
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Increased rate of citrate exudation with increased time of pre-treatment assumes the
existence of an induction period, probably including an initial phase during which Al has
to enter the root, followed by an Al-inded increase in citrate production, possibly
combined with an increase in root cell permeability (Kollmeier et al., 2001). This corre-
sponds with the findings that citrate exudation rates increased with increasing external
Al concentration. However, if exceeding a certain concentratiopf4@\l), citrate exu-
dation decreases again with a further increase in Al concentration. At too high concen-
trations, Al seems to become phytotozried to disturb certain biochemical processes
involved in citrate synthesis. This automatically implies that resistance mechanisms
based on root organic anion exudation, as dasgrin this chapter, have their limitation
what resistance to soil acidity or Al toxicity concerns.

Root apices of the main (longest) and the secondary seminal roots exuded citrate
similarly under the experimental conditions tested, suggesting they all possess the
mechanism controlling citrate release. Higher citrate exudation rates in the Al resistant
maize genotype CMS36 were closely related to its higher resistance to Al. For example,
at 40uM Al, the concentration that caused the greatest difference in citrate exudation
between the two genotypes (Figure 3), theesistant genotype had a reduction of 26%
in root elongation rate (RER), while the #énsitive one had a reduction of 60% in RER
(Chapter 2). Higher exudatioates of citrate and malate have consistently been found in
Al resistant genotypes of rza@ when pairs of genotypes representing extremes of Al
sensitivity are compared (Gaume et al., 2Qlikge and Arruda, 1997; Kollmeier et al.,
2001). Thus, exudation of citrate or malate, depending on the plant species, has been
suggested to correlate witasistance to Al. However, attpts to showsuch relationship
in a greater number of genotypes varyingesistance to Al have rarely been done (e.g.
Ryan et al., 1995b). With eight maize genotypes showing a significant differential resis-
tance to Al and using adl concentration (4QuM) that best discriminated the genotypes
on their sensitivity to Al stress (Chapter 2) we found an exponential-like relationship
between citrate exudation rate and roanghtion inhibition. Hjher citrate exudation
into solution seemed to be accompanied by less inhibited root elongation. If maize plants
are using root exudation of citrate as a mean of protecting their roots from negative ef-
fects of Al, then genotypes with greateiliapto exude citrate will be more resistant to
the effects of Al. This is confirmed with our eight Brazilian maize cultivars as tested.

A sustained exudation of citrate intoettsmall volume of th root apoplast and
rhizosphere will leadio increased local concentrationstiois organicanion. Once citrate
has left the root cells, it will rapidly form complexes with Al, successively in the apo-
plast and rhizosphere, reducing’ctivity and toxicity at local target sites such as cell
walls and cell membranes (Suhayda andid{al986). Furthermore, accumulation of
citrate outside root cells may create a barrier to the rapid penetration of Al into the sym-
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plast. A high local concentration of citrate in conjunction with its relatively high capacity
to chelate Al suggests that citrate nzgount for a mechanism of Al exclusion and de-
toxification at the root cell surface. The fact that a specific transporter does not exist for
the uptake of neutral Al-complexes fromgadn into maize root cells (Jones and Dar-
rah, 1995) also supports that citrate is involved in an exclusion mechanisii af e

root cell surface.

The spatial localisation of citrate exudation, assessed in intact roots, demonstrated
that Al-induced exudation oftcate occurred distinlst along the main root axis of maize
seedlings. Measurements of high exudation rnat® largely dependent on the presence
of root apices while only small amourgkcitrate were measured in more mature zones
of maize roots without branches. It is clear therefore that the largest part of the plant in-
vestment in root exudation of organic aniem$eing done in the regions of root meris-
tems, where apparently Al accumulates in higher concentrations (Pifieros et al., 2002;
Rincén and Gonzales, 1992). This finding also suggests that only cells in a certain stage
of development are able to release great amounts of citrate in response to Al stimulus.
This pattern of citrate exudation is confirmag other studies showing that exudation of
organic anions induced by Alxizity but also by P defieincy is mostly localised within
the root apex (Delhaize et al., 1993; Hoffland et al., 1989; Pellet et al., 1995). Although
these studies have not assessed the whole lengie root, they did show a great pre-
dominance of the root apex over the more mature root zone behind the apex.

The results of the present study contrast with those of a recently published study by
Pifieros et al. (2002). These authors showed, also with maize roots, fairly constant high
Al-induced citrate exudation rates up to a distance of 60 mm from the root apex. Al-
though they claimed thatféitrences between their studydaprevious study with maize
(Pellet et al., 1995) might have been dugénotypic variatioramong the maize lines
studied, it seems that differences in the methodologies employed are more likely to ex-
plain these different resultspw including ours. The metholdgy Pifieros et al. (2002)
used may have had major implications on the tesldtained and a further discussion on
that is worthwhile. They studied the spatial localisation of citrate exudation with root
segments that were excised and pre-treated for 4 h prior to a 6-h exudation period. It is
questionable whether exudation of citrateegised root segmentsrresponds with the
actual situation once longitudinahnsport within the root is no longer possible. Inter-
ruption in the longitudinal transport will have direct implications in the transport of as-
similates and in the supply of energy to the sites of citrate exudation. It is also clear that
by sectioning the root two artificial ‘opeands’ are created in each root segment.
Through these open surfaces Al can possibly easily penetrate into the root tissues and
stimulate citrate synthesis and release. As shown by the authors in the same paper, cells
of the root cortex as well as those of the root stele respond to Al stimulus by releasing
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citrate. The high Al-induceditcate exudation by older roabnes (e.g. 60 mm from the

root tip) is also questionable considering that Al penetrates much less into those root
parts, results that were also shown by the authors in the same paper. The use of intact
roots in the current study assured that the longitudinal transport of citrate in the root and
the supply of assimilates from other partghed plant (roots) to the sites of citrate exu-
dation were maintained during the coursehaf experiment. The results presented here
seem therefore to describe a more realistic root system.

Protection of the root by citrate seems more conceivable in the places of high exuda-
tion rates. In the root zones bethithe root apex, eithertate exudation rate is high
enough to protect this less Al sensitive region or the root that is now at the position oc-
cupied by the root apex in the near past will take advantage of the citrate exuded and still
left in the soil at that time. Less Al accumulated in this region will correspond with a
weaker competition with nutrients, with direct effects on nutrient uptake along the root
axis. For example, Burley et al. (1970) showed that basal parts of seminal roots of maize
absorb phosphate and translocate it to the shoot very effectively. Furthermore, lateral
roots and basal zones of maize roots areltiminant zones of uptake and translocation
of nitrate in maize seedlings (Lazof et al., 1992).

In the root region containintateral roots, the dynaos of a root growing and re-
leasing citrate is believed to be different. Citrate released in this zone will create a cylin-
drical microenvironment around theat cylinder and contributi the protection of the
root system as a whole in at least two ways. Firstly, citrate released by the root apices of
the lateral roots will protect &ir own tissues, thus conferritigem conditions for a less
impaired growth and normal functimg in nutrient and watesptake. Secondly, citrate
released from young and short laterals raats temporarily, directly protect the main
root as well. This protection will be of remkable importance during the lateral root
emergence, a period of lower resistance to pei@iraf Al via the apoplast into the
stele (Rasmussen, 1968). As laterals wilgbawing, citrate exuded by their apices will
no longer directly protect the main root axis, because the cylindrical environment around
the main root where citrate is exuded is now at a greater distance than it was with short
laterals. Probably this mantle with citrate will create a barrier for monomeric Al to move
as such from the bulk soil to the outer surface of the main root. In the mantle monomeric
Al will be converted into Al-citrate and subseqtlg be further transported to the root in
this non-toxic form.

In conclusion, aspects of the Al-induced exudation of citrate taken together with the
good correlation between citrate exudation and inhibition of root growth indicate a po-
tential role of citrate in a mechanism Af resistance in maize. A more quantitative
evaluation of the findings of this work will be presented in a succeeding chapter. Special
attention will be paid to the potential of citrate exudation rates, as measured in the pres-
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ent work, to complex Al atensitive target sites under local ciioths. This must indi-
cate the effectiveness and possible restrictions of root citrate exudation as a resistance
mechanism to Al with maize.
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Chapter 4

The effect of external aluminium on the root citrate status of an alu-
minium resistant maize genotype*

Abstract — Despite intensive research on the exudation of citrate by roots as a possible
mechanism underlying Al resistanoé certain species or cultrs, little attention has

been paid to the effects of excess Al on the dynamics of processes as internal root citrate
synthesis, translocation, aadcumulation. Furthermore, datonship between internal

root citrate concentration and rate of citrate exudation remains speculative. In the present
work, we sought the literature about the effects of Al on processes involved in the status
of citrate in plant roots, specifically biosynthesis, transport, accumulation, and exuda-
tion. In addition, we testedkperimentally some of the thees described in literature by
studying the effects of external Al on the internal root citrate status and associated root
citrate exudation rates along intact root axes of an Al resistant maize genotype. External
Al led to higher internal root citrate concentrations. Simultaneously, Al increased the
citrate permeability of root cells, but thikange in permeability seemed restricted to the
regions of the root presenting apices. Consequently, root apices of the Al resistant maize
genotype showed enhanced raiésitrate exudation under conditions of Al stress. This
exudation followed a particular pattern along the root axis with a well-defined longitudi-
nal distribution, and when compared to the cgpomding distributiorof internal citrate
concentration, indicated that the concentration of citrate itself is not the driving force for
citrate exudation from roots. It is suggested that dynamics of processes involved in cit-
rate production, transport, and exudation opedifferently along the longitudinal axis

of the root and the pattern of citrate accumulation within Al-treated roots observed at the
end of the Al treatment period reflected the net result of a combination of these proc-
esses.

Key words: aluminium resistance, aluminium toxicity, citrate synthesis, exudation, or-
ganic anionsZea mays

* with Willem G. Keltjens
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Literature Review — I ntroduction

Organic anions of low molecular weightieabeen often mentionexs playing a funda-
mental role in certain mechanisravolved by plants to pe with environmental stresses

like aluminium (Al) toxicity and phosphory®) deficiency. For example, several plant
species are able to release organic anions from their roots in response to toxic Al species
present in the rooting medium. Because organic anions can carry varying negative
charge, they can form complexes with Al thereby reducing its activity in solution and
toxicity to roots (Jones, 1998). Some ok organic anions are involved in energy pro-
duction as intermediates in the trioexylic acid (TCA) cycle (e.g. citrate, malate),
while others present in cells (e.g. malate, malonate, oxalate) are directly or indirectly
involved in many other metabolic processes including the assimilation of carbon and
nitrogen, the regulatioof cytosolic pH and osmotic pential, the maintenance of elec-

tric neutrality during excess nutriegdtion uptake, and the suppf energy to symbiotic
bacteria (Lambers et al., 1998arschner, 1995; Ryan et al., 2001).

Among the organic anions cited above, citiatene often present in root exudates of
plants suffering either from P deficiency or Al toxicity. Citrate appears to be the primary
organic anion released by roots of maizangd grown under Al stress conditions (Jorge
and Arruda, 1997; Pellet et al., 1995), representing as much as about 70% of the total
organic anions exuded under such conditi@tsapter 3). This specific release of citrate
in response to excess external Al has beemwsltto be accompanied by rises in the in-
ternal root concentration of citrate (Gaume et al., 2001; Pellet et al., 1995). After 48 h of
exposure to §IM Al** activity, roots of maize seedlings had a citrate concentration 50%
higher than that observed in roots grown in control solutions (Pellet et al., 1995). Al-
though the exudation of cétte by roots exposed to Aks been well characterised, the
corresponding Al-induced changes in citrate production and in the citrate status of roots
have not yet been comprehensively studiRegan et al., 2001). A diagrammatic repre-
sentation of carbon pathways relevant to the status of citrate in root cells is presented in
Figure 1. Since citrate is an intermediate metabolite in the TCA cycle, its accumulation
in root cells may be the result of an increasés synthesis and/af a reduction in its
conversion into isocitrate, the succeeding metabolite in the TCA cycle. Thus, enzymes
directly controlling the status of citrate in root cells are citrate synthase (CS) and aconi-
tase (Aco) through synthesis and consumption of citrate respectively, and any effect of
Al on the activity of either of the two enzymes would interfere directly in citrate me-
tabolism. Besides these two enzymes, changes in the activity of the enzyme phospho
nolpyruvate carboxylase (PEPC)utd also have a marked effect on carbon supply and
thus on citrate metabolism (Ryan et al., 200n the scarce literatugealing with pos-
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sible effects of excess external Al on relevant enzymes (Li et al., 2000; Ryan et al.,
1995a) there is no direct evidence that accumulation of citrate induced by Al is caused
by enhanced activities of PEPC or CS, concortlitar not with reduced activity of Aco

or isocitrate dehydrogenase (ICDH). Digtance of other known biochemical processes
induced by Al is also unknown.

Cytosol PM
Mitochondrion
CO2 acetyl-CoA
PEP OAA OAA \ citrate citrate--------- F-->
PEP A cs lACO lAco

I
! isocitrate
NADP-ICDH

2-oxoglutarate

isocitrate
NAD-ICDH

A e 2-oxoglutarat

v
amino acid synthesis

Figure 1. Diagrammatic representatiof carbon pathways in gt cells relevant to the
citrate status of root cells. Aco, aconitase; CS, citrate synthase; NAD-ICDH, NAD spe-
cific isocitrate dehydrogenase; NADP-ICDH, NADP specific isocitrate dehydrogenase;
OAA, oxaloacetate; PEP, phosgholpyruvate; PEPC, phospamlpyruvate carboxy-
lase; PM, plasma membrane (after Takita et al., 1999).

Comparatively, aspects of altered orgaminion metabolism and their dynamics
within the plant induced by P deficiencyveabeen more intensively studied lately (Ryan
et al., 2001). These studies have revealed a multitude of changes induced by P deficiency
that ultimately results in accumulation ofganic anions in the root, and eventually in
their exudation to the external medium. For instance, organic anion accumulation in
roots and shoots of oilseed rape and indluster roots of white lupin coincided with
enhanced activities of PEPC, CS, and matkkydrogenase (MDJKlthe latter an im-
portant enzyme for malate synthesis (Hoffland et al., 1992; Johnson et al., 1994,
1996a,b). Neumann and Rémheld (1999) also found a 30% decrease in Aco activity in
roots of P deficient plants of tomato, chielp and white lupin, which suggests that cit-
rate accumulation may depend on the regulation of both synthetic and catabolic reac-
tions, as explained above. Furthermore, tlgawic anions accumukd in the roots may
be partly originated from the shoots (Hofflaadal., 1992). With plants of oilseed rape
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suffering from P deficiency, these authors demonstrated that citrate produced in the
shoot was transported via the phloem towards the roots where it was accumulated in the
exudation region. Contrary to citrate, no increase in the concentration of malate was ob-
served in the phloem sap of plants sufferiryrfP stress, leading the authors to suggest
that malate is probably newly synthesisedha cells of the accumulating root segment
from sugars imported from the shoots.

It is now well established that monontedl species trigger the release of organic
anions from roots with a number of planesjgs (Ma, 2000; Ryan et al., 2001). The
mechanisms mediating the transport of organic anions from the cytosol, where they can
accumulate to high concentrations, to the outside medium have been investigated. Initial
studies with anion channel antagonistg.(@iflumic acid, dtacrynic acid), suggested
the involvement of anion channels in the transport of malate through the plasmalemma
of apical root cells of wheat (Ryan et al.,, 1995a). Physiological studies have recently
revealed a role for ion channels in the exudation of organic anions also in maize roots
(Kollmeier et al., 2001). According to Ma (2000), the initial induction of organic anion
release occurs in two distinct ways, named pattend Il. In pattern I, there is no dis-
cernible delay between the moment of additad Al and the onset of the release of or-
ganic anions. Activation of an anion channel located on the plasma membrane by Al is a
possible mechanism responsible for this rapid release (Delhaize and Ryan, 1995). In
pattern Il, there is a marked lag phase between the addition of Al and the onset of or-
ganic anion release and the action of genesexklat the metabolism and exudation of
organic anions seems to be&atved in this pattern.

Attempts to link internal root concentration of organic anions with root exudation
rates have been made, with an imple#sumption that highenternal concentrations
would lead to enhanced exudation. Howewernmany species where organic anion re-
lease is stimulated by Al, no correlation is apparent between internal concentration and
rate of exudation (Delhaize et al., 1993; Pellet et al., 1995). However, considering that
both features, internal concentration and eioth rate, vary significantly along the
length of a root (Chapter 3; Jones and rBlay 1995), indeed much caution must be
shown when comparing orgaramion concentration and exatébn rates of whole root
systems.

In the present study wé) (sought the literature about the effects of Al on processes
involved in the dynamics of citrate in plant roots, specifically biosynthesis, transport,
exudation, and accumulation; anid) tested experimentally some of the theories de-
scribed underi). We therefore investigated the effects of Al on the internal root citrate
status and associated root citrate exudation rates along intact root axes of an Al resistant
maize genotype. Theory andpeximental findings will bdinked and finally be dis-
cussed.
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Materials and methods

Plant material and growth conditions

The maize genotype CMS36 that has shown a relative superior resistance to Al (Chapter
2) and relative high rates of Al-induced root exudation of citrate (Chapter 3) was used in
this study. Roots of seedlingstbfs genotype were growaxenically to peserve organic
compounds exuded by roots ateir potential role in pretcting the roots against the
harmful effects of Al. Thus, all materials used in this experiment were autoclaved and
successive treatments were carried out in a laminar-flow hood. To sterilise the surface of
the seeds, they were immersed for 1 min in 96% ethanol, soaked for 1 h in a solution
containing 1.5% sodium hypochlorite (from commercial bleach) + 1% Tween 20, and
subsequently incubated for 15 min in a 1.586lium hypochlorite solution. After each
treatment the seeds were rinsed three times with sterile demineralised water. To check
for eventual microbial contamination surface-sterilised seeds were germinated on nutri-
ent agar plates prepared with a Mr®aSQ solution. The plates were placed in a dark
chamber at 25 °C for 90 h.

After germination, uncontaminated seedlingsre individuallytransferred to Petri
dishes @ 94 mm) containing 50 mL of a sterile basal nutrient solution with pH 4.0 and
the following chemical composition (#): 1.0 NH{NOs, 0.005 NaHPQ,, 0.5 K;:SOy, 0.5
CaClb, 0.125 MgS@, and (1M): 46 B, 0.3 Cu, 286 Fe (as Fe-EDTA), 0.1 Mo, 9.2 Mn,

0.8 Zn. The nutrient solution was adjusted to pH 4.0 witthMDHCI and autoclaved be-

fore the addition of filter-sterilised Fe-EDTA stock solution. In each Petri dish, the roots
of one seedling were grown horizontatlyiented whereas the shoot was grown verti-
cally through a small notch made in the edgéhe lid. The notch was sealed with lano-

lin and the Petri dish wrapped with foil and transferred to a growth chamber where the
seedlings were grown for 3 days at®Dunder a regime of 16 h light (light intensity 80

W m™)/8 h dark.

Aluminium treatments and collection of root exudates
Aluminium was added to the sterile netit solution without Fe-EDTA to reach con-
centrations of 0 and 40M Al. Al was diluted from a fter-sterilised stock solution con-
taining 10 nM AICl; and 0.1 vl HCI. The Al treatment sations (50 mL) were applied
to the seedlings in the same Petri dishes in which they had been growing during the pre-
ceding 3 days, replacing the old nutrientusiohs. Seedlings were grown for 24 h in the
Al treatment solutions beforeafcollection of root exudates started.

The divided-root-chamber teclopie, described by Ryan et £1993) and Delhaize et
al. (1993), was used to study the exudation of citrate along the longitudinal axis of the
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entire main seminal root oféhmaize seedlings. After 24 h Af pre-treatment, seedlings

were transferred to large Petri dishés 145 mm) where they had their roots spatially
divided using plastic ringsq 13 mm). These plastic rings were placed all over the main
seminal root of each seedling covering it frtre root apex to the most basal section of

the root. A thin layer of vaseline was used to seal the space between the plastic ring and
the bottom of the Petri dish and a layer of agar was poured around each plastic ring to
hold it over the root. Each plastic ringliated either an apical 10-mm or a 13-mm long

root segment from the rest thfe root system forming andividual chamber. An aliquot

of 0.5 mL of Al treatment solution was applied to each chamber and with 50 mL of the
same treatment solution the rest of the system was covered. The Petri dish holding

the system was closed with a lid to prevent contamination and evaporation of the treat-
ment solutions, wrapped with foil, andmsferred to the growth chamber. The solutions
enclosed by the rings (diluted root exudates) were collected after 4 h, and stored at —18
°C until analysis. An L aliquot of the diluted root exudate was plated on nutrient agar
and incubated in a dark chamber at 25 °C for 7 days to check for eventual microbial
contamination. Contaminated root exudatese discarded. The number of lateral roots
enclosed by each plastic ring on the more basal section of the root was counted under a
binocular (3.2 x magnification) and tlmeot segments enclosed liye different rings

were saved separately for analysis of citrate concentration in the tissue of the different
root segments.

Two or three replicate seedlings per treatment were prepared per experiment and the
entire experiment was repeated once. Because the seedlings used did not have roots of
the same length, the number of plastic ringed to cover the entire main seminal root
varied among replicate seedlings. Hence, the exudation values measured in the plastic
rings could not be directly averaged across replicates neither compared between treat-
ments, unless the number of rings used per root was the same. To overcome this prob-
lem, we considered each plastic ring as representing a percentage of the total length of
the root. Therefore, the totalablength was divided in 100nits (= 100%) and the cit-
rate exudation value of each ring was repeatedly attributed to every unit that such ring
represented. Exemplifying, for a seedlingvihich nine rings were used to cover the
whole root, each ring represented eleven units (= 11%) and the total of nine rings com-
pleted 100 units. Once every root had the same relative length, the average of every unit
(1%) was calculated among the replicates of the treatments. This procedure was also
used for the data on internal concentration of citrate of the root segments.

Extraction of citrate from roots and citrate analysis
After collection of the diluted root exudates, the root segments enclosed by the rings
were excised, blotted gently, weighed, and extracted individually according to Delhaize
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et al. (1993). Briefly, root segments were extracted with a mortar and pestle in 1 mL of
ice-cold 0.6 N perchloric acid. The extract was centrifuged at 15,@0fox5 min, and

0.9 mL of supernatant solution wegllected and neutralised with 8@ of K,CO; (690

g L™). The neutralised solution was centrifuged at 15,0¢0er 5 min, and an aliquot

of the supernatant solution was assayed for citrate.

In the diluted root exudates as well as in the extracts of root tissues, citrate was as-
sayed by using enzymatic methods. A sample of 0.66 mL was incubated with 0.33 mL of
buffer (Glycylglycine, 0.51 mol ¥ Zn*, 0.6 mmol L*; pH 7.8), 8uL of NADH (6
mmol L™, and 7uL of a mixture of malate dehyoigenase (MDH) and lactate dehydro-
genase (LDH) (0.5 mg MDH mit; 2.5 mg LDH mL?). Oxidation of NADH, triggered
by the addition of TuL of citrate lyase (40 U ml), was monitored by UV spectroscopy
at 340 nm on a chart recorder and is directly proportional to the amount of citrate in the
sample (Boehringer Mannheim, 1984).

Results

Characterisation of the root material used

Maize seedlings had one long seminal rootvéetrifrom the radicle and typically three to

five shorter seminal rootat the time the plastic rings were installed. Only the main
(longest) seminal root of elaceedling was studied. It wasfully developed root about

120 mm in length and presenting short (< 5—6 mm) lateral roots in the more mature part
of the root. The latter part of the root repented about 30% of the total length. The re-
maining of the root consisted of the root tip and of an intermediate zone, the part be-
tween the root tip and the zone with laterals. The apical zone of the root, enclosed by one
plastic ring, represented about 15% andittermediate zone about 55% of the total root
length.

Al effects oninternal root citrate concentration

Citrate was unequally distributed along thegtla of the main seminal root growing in
control solution (QuM Al). A remarkable accumulation of citrate was observed in the
apical region of the root (about 700 nmét oot fresh weight), contrasting with much
lower concentrations in the more mature regions, especially in that just behind the apical
region (about 150 nmol §root fresh weight; Figure 2A). Seedlings exposed tqM0

Al showed a rather homogeneous spatial internal distribution of citrate along their main
root, without any part of the root axis shagisignificant higheconcentrations (Figure

2C). Apart from being more homogeneous,dbecentration of citrate in roots at AW

Al was higher than in roots atiM Al. Compared to the average concentration of citrate
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in the distinct root segmenbf a single root at QM Al, the roots at 4QuM Al had an
average concentration of citrate about 40% higher.

The total citrate contents per segment and per root were calculated based on the fresh
weight of the root segments, and the summarised results are presented in Table 1. Be-
cause the root axes were homogeneous irusadith root segments of similar fresh
weight, the content of citrate the segments along the raotis followed a similar trend
to the internal concentration. The citrate content of the apical 10 mm of the root ac-
counted for about 15-20% of the total @itr content of roots (Table 1), resembling the
15% of the total root length that the root apex represented.

Al effects on citrate exudation

Maize roots released only sth amounts of citrate intdhe external medium when
growing in the absence of Al. However, exposure tquWDAI greatly stimulated the
exudation of citrate frormmoots (Table 1; Figure 2B)DRoots grown at 4QM Al exuded

7 times as much citrate as that exuded by rootgudll @l during the 4-h period of root
exudate collection. This difference betweba two Al treatments would be even bigger

(10 times as much) if only the release at the apical 10 mm root segment was considered.
Exudation of citrate imesponse to Al followed a parti@r pattern along the root axis,

with a well-defined longitudinal distributiofhe highest exudation rates were observed

in the apical region, a sharp decrease in the direction of basal zones, and a rise again in
the zone presenting lateral roots. The sites of highest exudation were therefore closely
associated with the presence of root apices, either belonging to the main root or to the
lateral roots. Contrary to the distribution of the internal citrate content, where the apical
10 mm of the root accounted for 15-20% of the total root citrate, this apical part ac-
counted for even 44% and 62% of the totalbtérexuded by the entire root in 4 h (Table

1).

Discussion

Considerable variation exists in internal camtcation of organic solutes, including or-
ganic anions, within a single plant root (Jones, 1998). The remarkable accumulation of
citrate in the root zones presenting apices, especially in the main root apex, observed in
our study with control maize seedlings n@pnceivably be the result of higher enzyme
activity in these parts of the root, similarly tlwat observed in roots of rye (Li et al.,
2002). These authors reported that the activity of CS in roots of rye was 110% higher in
the apical 5 mm of the root than ireteubsequent 5—-20 mm behind the tip. Furthermore,
the high demand for photosynthates in theagng parts of the root due to the formation
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of new root biomass may also explain the accumulation of organic solutes within the
apical part of both seminand lateral roots, accompanibgl high rates of metabolic
activity and a conconant consumption of £(Jones and Darrah, 1996).
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Figure 2. Distribution of citrate concentration (&) and citrate exudation (B, D) along

the main root axis of the Al resistanfiize genotype CMS36 exposed to 0 op#DAl

On the Y-axis 100 values are plotted. They represent the average internal citrate concen-
tration and citrate exudation rates along the root axis of 5 replicates calculated as ex-
plained in Materials and methods. Rooésvas used in the experiments are schematised
on the left-hand side for reference.
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Table 1. Citrate status and citrate exudation rate by roots of the Al resistant maize geno-
type CMS36 grown at two conaigations of Al (0 and 4@M) for 28 h. The values of
citrate content as well as those of citrate exudation corresponding to the root segments
enclosed by each plastic ring were summed to calculate the total values per individual
root

Root zone Citrate content (nmol) Citrate exudation (nmotf)4h
AlO Al 40 AlO Al 40
Whole root 21.2+3.17 31.9+2.80 0.27 £ 0.09 1.96 £ 0.27
Apical 10 mm segment:
absolute  4.04 £0.52 5.16 + 0.58 0.12 +0.08 1.21+0.18
relative (% of whole root) 19 16 44 62

The strong citrate accumulation in roots of maize seedlings treated with Al confirms
results from our previous study where plasitshe maize genotype CMS36 submitted to
100 uM Al had a root concentration of citrate and malate that was twice as high as that
of plants growing in control solutions (Gdtar 2). These significarhanges in the root
citrate status might be seenasonsequence of an Al-inducextabolic disorder, where
changes in synthesis and/or consumptiogiwéte led to an increased accumulation of
this metabolite in the root cells. Few studies have tried to elucidate the biochemical
pathways that are being didbed by Al. Attempts to fik the accumulation and exuda-
tion of root citrate and malate observed unctenditions of Al stress with alteration in
the activity of enzymes relevato citrate and malate metdlson have not been success-
ful and indicated that the pattern of alteration may differ between species (Li et al., 2000;
Ryan et al., 1995a). Because citrate is a simple intermediate metabolite in the TCA cycle
and the enzymatic machinery for its production is already present in the cell, it is likely
that cells along the wholeabresponded to Al through an altered production and storage
of citrate in times of Al stress, indepentlg of their differentialability to release part of
this citrate to the external medium (Figure 2). Assuming that the aerial parts of the plant
would also have their organanion metabolism altered by Al, and that this response
would occur within the initial hours of exposure to Al, it is also possible that part of the
citrate present in roots might have beeiginated from the shoots, like demonstrated
with plants of oilseed rape suffering fromdeficiency (Hoffland egl., 1992). Thus, a
basipetal transport of citrate synthesised anghoots towards the exudation parts of the
root would contribute to the increased amguuit citrate in these root tissues. However,
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a downward transport of citrate produced in the shoots towards the roots will probably
not contribute to a root citrate accumulation, neither a root citrate exudation immediately
after Al addition. This because Al transport from root to shoot will take some time. Both
uptake of Al by the root and subsequéainsport to the shoots are minimal and also
slow. Consequently, Al cannot be expected to be the trigger to initiate increased citrate
synthesis in the shoot part@aplant soon after Al exposure.

Besides increased accumulation, a stimulated release of citrate was also observed at
40uM Al, which resulted in a partial loss afot citrate to the outer medium. The citrate
lost by the entire root axis in 4 h represerabdut 5% of the total citrate content of the
root. This fraction could represent much more of the citrate content (as much as about
25%) if only the apical rocdegment was considered. A susga synthesis of citrate is
therefore required to sustain such a higfie of citrate exudation, which would otherwise
completely deplete the citrate reserve of that root segment within a few hours. Apart
from synthesis, there might be other processatsatte contributing to a continuing exu-
dation of organic anions, like for examma Al-induced transport of organic anions
from other root segments to root tips.rFeat, a regulation echanism controlling syn-
thesis, accumulation, and exudation of citrate to the external medium is expected.

The pattern of citrate concentration within Al-treated roots observed at the end of the
28-h Al treatment period reflesd the net result of a combination of these different proc-
esses [i.e. cell metabolism (biosynthesis and decomposition), reallocation and storage,
and exudation] responsible for the dynamics of citrate within the root. In this study we
could not ascertain the contribution of each process to the overall citrate status of the
root but a simple illustration of the differentiandribution of the robsegments and the
different processes in the dynamics of citratald be done by simulatiy that no citrate
would be released to the external mediumndpéiept inside the respective root segment
instead, and finding a similar pattern of accumulation of citrate in the main apical region
of the root for the twad\l treatments (Figure 3).

The results presented here strongly indicate that the internal concentration of citrate
itself is not the driving force fotitrate exudation from root&vidence for that is firstly
the fact that the internal concentration of citrate was even higher in the main root apex of
control plants than in the root apex of gaaxposed to Al, while only a baseline exuda-
tion was observed from roots of control plants; secondly, although an overall increase in
citrate concentration was observed along thelevhmoot axis after addition of Al, the
citrate exudation was largely confined to specific sites of the root axis after Al exposure.
Interestingly, the root parts with highest raté\l-induced exudatio were those where
citrate was accumulated at highest when Al was absent. It becomes very likely therefore
that Al induces a high permeability to citrateroot cells (Jones,9B8). This induction
of exudation seems highly specific to Alnce other trivalent metals like lanthanum
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(La*"), gallium (G&"), indium (Ir?*), and ytterbium (Y®), were not able to induce exu-
dation of organic anions from roots of seveasknt species (Li et al., 2002; Ma et al.,
1997; Ryan et al., 1995a). But the fact tbatidation of citrate as induced by Al was
most confined to the regions of root meristems indicates that only cells in a certain stage
of development are able to release citrate in response to such stimulus. Anion channels
that are specifically activated by extracellulaf*Alave recently been reported in proto-
plasts isolated from root apices of Al resistant wheat (Ryan et al., 1997; Zhang et al.,
2001), and maize (Kollmeier et al., 2001; Pifieros and Kochian, 2001). Because higher
activity of anion channels have been foundam Al resistant than in an Al sensitive
maize genotype, coinciding with higher exudation in the first, these transport systems
have been speculated as mediating the AVaed root organi@nion release in maize
(Kollmeier et al., 2001), even though direct permeability of these channels to organic
anions have not beemperimentally proved.

It is interesting to note that although high concentrations of citrate are found in the
root tip before the addition of Al, rapid release of great amounts of citrate soon after ex-
posure to Al is not verified in maize (Chapter 3; Pellet et al., 1995). The exudation starts
slowly and a lag phase of up to 24 h iselved between the moment of Al addition and
that of maximal rate of citrate release. It is suggested that a slower Al-induced response
may involve induction of genes implicated @anganic anion metabolism (biosynthesis
and decomposition), anion @hnel on plasma membrane frdtonoplast, or transport
of organic anions from mitochondria (Ma et al., 2000; Pifieros et al., 2002), contrary to
the rapid activation (i.e. opening) of anion ahels in exudation Patte I. The high in-
ternal root citrate concentrations induced by Al lead us to speculate that in addition to
the Al exclusion mechanism based on the Al activated exudation of citrate and external
complexation of Al, an internal Al detdication (Al tolerance) mechanism may operate
in maize, constituting a seamechanism of Al resistas in this plant species.

Researchers have manipulated the biosynthetic capacity of cells expecting they will
produce and accumulate highemounts of organic anionwith a hope that this will
ultimately result in an altered exudation profile of a given genotype. The most well-
known example of an achievement in this direction is the successful work of de la
Fuente et al. (1997), who transferred aatéirsynthase gene from the bacterigsau-
domonas aeruginosa into tobacco and papaya andarmted an increased accumulation of
citrate, accompanied by increased citrate efflux into the rhizosphere and a somewhat
increased resistance of transformed plants to Al. On the other hand, Delhaize et al.
(2001) argued that expression of theaeruginosa citrate synthase gene in plants is un-
likely to be a robust strategy for enhancing the Al resistance of plants. Delhaize and co-
workers generated tobacco lines thatressed the citrate synthase gene fRoraerugi-
nosa and an activity of CS up to a 100-fold greater level than the non-transformed plants
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but without showing increasextcumulation of citrate imoots or increased Al-induced
exudation from roots.
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Figure 3. Distribution of citrate concentration along the main root axis of the Al resistant
maize genotype CMS36 exposed to 0 o Al for 28 h (bars) and simulated root
concentration considering that the citrateded for 4 h (continued line) or 12 h (dashed
line) would be kept inside th®ot segments they were exadifrom. Root axes as used

in the experiments are schematised on the left-hand side for reference.

55



Chapter 4

As pointed out by Rengel (2002), increasasynthesis and, eventually, accumulation
of organic anions in root cells is not a guatee for high rates of root exudation. Rather,
effective exudation of organic anions into the rhizosphere relies on at least three proc-
esses: signalling sequence, effective biosynthetic machinery producing relatively large
amounts of organic anions, and a membrane grater that allows transfer of organic
anions into the root apoplast and rhizosphere.

We conclude that with the Al resistant maize genotype as tested, external Al leads to
enhanced internal root citrate concentrations. Simultaneously, Al seems to increase the
citrate permeability of root cells, but this chamg@ermeability seems to be restricted to
the apical part of the root. @sequently, under conditions Af stress root apices of the
Al resistant maize genotype showed enhanced rates of citrate exudation.
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Long-term effects of aluminium exposure on nutrient uptake by
maize genotypes differing in aluminium resistance*

Abstract — Genotypic differences in resistancealaminium (Al) found in many plant
species grown in conditions of Al stress seem to include differences in Al-induced inhi-
bition of absorption andtilisation of nutrients. Aiming to study the effects of Al on nu-
trient uptake of maize genotypes differing in Al resistance and to check whether differ-
ences in mineral nutrition ued Al stress correspond witlifferences in resistance to Al

in maize, an experiment involving ten maize genotypes differing in Al resistance and
two concentrations of Al (0 and 1QOV Al) was established. Totalant (shoot + root)
uptake of P, K, Ca, Mg, Cu, Fe, Mn, add was determined in maize plants after 14
days of growth in culture solution at th@o concentrations ofl. The relative uptake
[(uptake at 10QuM Al/uptake at OuM Al)x100] of the nutrients studied varied from
22% to 157%, indicating the existence of intraspecific variation for such feature in the
presence of Al. Generally, Al had negativecet on the uptake of macro and micronu-
trients. Al effects were mogironounced on the uptake of Ca and Mg with respective
reductions of 61% and 72%hen averaged across the tgenotypes. Among the micro-
nutrients the most pronounced effects of Al were noted on Mn and Zn. Despite showing
significant reductions in uptake of Gaand Mg, the maize genotypes showed a rather
variable sensitivity to the Al stress imposed, which was related to their general resistance
to Al previously assessed using root lengthindicator. Under conditions of Al stress,
genotypes more resistant to Al maintained a relatively higher absorption of both Ca and
Mg than those more sensitive to Al, suggesting that the ability of a genotype to maintain
a less disturbed nutrient uptake understkess can be an important component in resis-
tance to Al.

Key words: aluminium toxicity, calcium, culire solution, magnesium, nutrient uptake,
Zea mays cultivars

* with Willem G. Keltjens
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Introduction

Negative effects of aluminium (Al) on plant growth occur primarily in the root system,
where generally Al inhibitsaot elongation and disruptsettuptake of nutrients. In the

root apoplast, where the uptake of nutrients starts, Al competes with nutrient cations,
such as calcium (Ca) and magnesium (Mg), for binding sites on the root cortical cell
walls and on the outer surface of the plasma membrane, decreasing the concentration of
these nutrients in the direct vicinity of tliptake sites and inhibiting their absorption
into the symplast (Marschner, 1995). Inhibition of phosphorus (P) uptake occurs due to
(co)precipitation of P with Al at the root outer surface and Al bound at cell wall material
in the root apoplast. Precipitated with or botod\l, P remains largely inorganic (= not
incorporated into organic compounds) andrengeable, and is not absorbed or used in
the plant metabolism (Clarkson, 1967). Negative effects of Al on the uptake of Ca, Mg,
and P, among other nutrients, have beenatstnated in plant species like maize (Clark,
1977; Keltjens, 1995), sghum (Tan and Keltjen4,990), ryegrass (Rengahd Robin-

son, 1989a), and wheat (Keltjens and Dijkstra, 1991).

However, nutrient uptake byftBrent genotypes of a certain species is not equally
inhibited when exposed to Al. In this resp they can differ awsiderably when exposed
to a given condition of Al stress. Baligaradt (1993) studied theffects of soil Al on the
uptake of nutrients in 40 sorghum genotypes and reported a large intraspecific variation
among them. Besides differing uptake, the sorghum genotypes showed to differ also
in other features of nutrient uptake like nuttienflux into roots and subsequent trans-
port to the shoots. Al ressit genotypes showed higher ala, influx, and transport of
nitrogen (N), potassium (K), iron (Fe), zina)Z P, Ca, and Mg than did the Al sensitive
genotypes. These authors reported that the potential of certain genotypes to maintain
high dry matter yields under conditions of #tess was partly due to their capability to
keep their nutrient uptake at relative high rates, suggesting that the ability to maintain a
less disturbed mineral nutrition under Al stress could be an important component in re-
sistance to Al.

Our objective in establishing this study was to determine the effects of the presence
of Al in the rooting medium on the nwrnt uptake of maize genotypes differing in re-
sistance to Al and to check (whether they indeed diffén nutrient uptake when ex-
posed to Al andii) whether variation in nutrieniptake among genotypes, due to Al
exposure, corresponds with variatiomAlresistance as describbdfore (Chapter 2).
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Materials and methods

Ten Brazilian maize genotypes representingange of resistance to Al were used to
study the effects of Al onutrient uptake. The ten genoggchosen belong to the col-
lection of the maize breedingrogram of the National Research Centre of Maize and
Sorghum — EMBRAPA, Brazil. They weselected mainly basezh screening experi-
ments carried out at EMBRAPA in culture s@dut containing diférent concentrations

of Al. Their names are: G1 (64x1143; single cross hybrid); G2 (BR201-M; single cross
hybrid); G3 (HD91102; double cross hybrid); G4 (13x1143; single cross hybrid); G5
(CMS36; open-pollinated variety); G6 (11x723; single cross hybrid); G7 (20x723; sin-
gle cross hybrid); G8 (HD9148; double crdgbrid); G9 (BR106; open-pollinated vari-
ety); and G10 (20x22; single cross hybrid). Subsequently, they will be referred to as G1,
G2, G3, etc.

Plants of the ten maize genotypes were grianculture solution at zero or 1001
Al. The experiment was conducted under greenhouse conditions in pots filled with con-
tinuously aerated culture solution with pH 4.0 and chemical compositidf): (2.0
NH;NO;z, 0.0375 NalPO,, 1.0 K.SO,, 1.0 CaCl, 0.25 MgSQ, and (1M): 46 B, 0.3 Cu,

286 Fe (as Fe-EDTA), 0.1 Mo, 9.2 Mn, 0.8 Zn.

Seeds were germinated in moist quartz sand for 7 days. After germination, the roots
were washed to remove the sand and a total of 54 uniform seedlings per genotype was
selected for the experiment. Seedlings were wrapped loosely with sponge rubber and
mounted in holes of plastic covers (disp&ced on 6-L pots. After a pre-growth for 4
days in the above mentionedlture solution the Al treatmé&nwere imposed. The cul-
ture solution was replaced by a similar culture solution containingufr@d Al L™ or
without Al, the latter used as control. Theculture solutions were rewed every other
day and 14 days after the &kkatment had started the plkntere harvested. Plants of
each pot were divided into plants used for total root length measurements and shoot and
root biomass production, amdants used for analysis of mineral composition of shoots
and roots. Root length measurements wergechout on representative sub-samples of
fresh root materialising a Comair root length suzer (Hawker De Havilland, Mel-
bourne, Australia). Shoot and roots were overeldt 70 °C for 72 h and weighed. Sub-
sequently shoots and roots were ground stainless steel grinder and digested in a se-
quential procedure, using HF, HNGand HO,, in a closed system microwave oven
(Novozamsky et al., 1996igests were analysed on cegpgCu), manganese (Mn), P,

K, Ca, Mg, Fe, Zn, and Al by ICP-AES. Thedalbplant nutrient content (or plant nutri-
ent uptake) was calculated as: [(root drytterax root nutrient concentration) + (shoot
dry matter x shoatutrient concentration)].
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The experimental design was a completely randomised one with three replicates. The
treatments resulted from a factorial combinatiéritwo concentrations of Al (O and 100
UM Al) and ten maize genotypes. Analysis of variance was performed for all plant char-
acteristics measured. When significatte genotype x Al interaction was partitioned
into single degree of freedom orthogonahirasts, where Al awentrations were stud-
ied in simple effect comparisons within each genotype. To study the Al resistance as
expressed by the ratio [+Al/-Al], the data were log-transformed, since [log(+Al/-Al)] =
[log(+Al) — log(-Al)]. Using the ‘estimate’ statement of General Linear Models proce-
dure of SAS (SAS Institute 990), these differences were calculaded the values were
further compared using the Tukey test. Fingtes polynomial equations were fitted to
data on the relationship between relative deogth and relative uptake of Ca or Mg.
Statistical analyses were performed usingSAS software (SAS Institute, 1990).

Results and discussion

Growth of the ten maize genotypes stubiivas adversely affected by the addition of Al
to their rooting medium. Generally they shensignificant reductions in total root
length and in shoot and root biomass when exposed tpNIO8I for 14 days (Table 1).
However, the ten genotypedfdred in resistance to Al isolution. Al caused reductions
in root length that varied from 20in G4 up to 74% in G ompared to root length, the
Al effects on shoot andoot biomass were less severe. Reductions averaged 34% in
shoot and 25% in root, apart from arrigase of 7% in the root biomass of G4. While
inhibition of root elongationis considered the primary oritial response of the plant to
Al toxicity (Kochian, 1995)restriction of shoot growth isften considered as a secon-
dary response, being the consegce of root damage and itspaired functioning with
respect to water and nutrient uptake. Therefore, compared to the root, there is a delay in
shoot response to Al. This could partiallypkain the difference in magnitude of the in-
hibition in root length and shoot biomass as found in this experiment. A significant sta-
tistical differentiation of the genotypesrfél resistance was onlgchieved when using
root length. Confirming earlier results of Furland Clark (1981), in experiments under
controlled conditions, rodength has reflected better tigeneral ability of a plant to
cope with toxic Al than shoot andabbiomass and therefore it has been preferred as
indicator of Al resistance.

Aluminium had negative effects on the aigg of both macro and micronutrients in
all ten genotypes studied with a few exceptions for P, Cu, and Fe. The severity of these
effects can be exemplified by the significarduetions in the uptake of K, Ca, Mg, Mn,
and Zn found in all ten genotypes tested (€all and 3), in spite of a significant geno-
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type x Al interaction with Ca, Mn, and Zn and nearly significant with K and Mg uptake
(statistics not shown). Witthe macronutrients the negatigfects of Al were most pro-
nounced on the uptake of Ca and Mg. Theakptof both nutrients by the ten maize
genotypes grown with Al averaged 39% &8% of the control plants, for Ca and Mg
respectively. With the micronutrients, the strongest effects of Al were noted on the up-
take of Mn and Zn. Grown at 100M Al, all ten genotypes absorbed Mn or Zn in
amounts significantly lower than their contmants grown in the absence of Al (Table

3). Unlike Mn and Zn, the genotypes showed wider variations in uptake of Cu and Fe.
Genotypes 3, 4, and 5 absedbthese two nutrients emounts non-sigficantly differ-

ent from their control plants.

Table 1. Plant characteristics of ten maize genotypes grown at zero (Al 0) or 100 (Al
100) uM Al in culture solution for 14 days. A significant effect of the addition of Al is
indicated in the ‘Al 100’ columns by **p(< 0.01) or * p < 0.05). Values followed by

the same letter within a column are not significantly different at 5% of significance in
the Tukey test

Genotype Root Length Root Biomas% Shoot Biomass
Al O Al 100 Al O Al 100 Al O Al 100
G1 300 a 44** ab 210 a 77* a 6.58 al 68** a
G2 183 b 39** ab 1.37 b 70** a 6.59 ab 61** a
G3 238 ab 47** ab 1.82 ab 87a 7.03 al 61** a
G4 210 b 60** a 1.86 ab 107 a 6.72 als 80* a
G5 241 ab 51** i 1.64 ab 84 a 7.36 a 81* a
G6 177 b 46** ab 141b 83 a 5.88 bc 70** a
G7 209 b 40** ab 143 b 71** a 507 c 57* a
G8 224 ab 52** i 2.18 @ 69** a 6.97 ab 60** a
G9 236 ab 26** b 1.33 b 65** a 512 c 62** a
G10 166 b 38** ab 141b 73* a 6.22 abc 62** a
Mean 44 79 66

Tvalues are given in m (4 plarits)n the ‘Al 0’ column and in % of the control (Al 0) in the ‘Al

100’ column

2 values are given in g (4 plants)n the ‘Al 0’ column and in % of the control (Al 0) in the ‘Al

100’ column
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Despite showing significarreductions in uptake of rsb nutrients, the maize geno-
types showed a rather variable sitivity to the Al stress impasl. With the ten maize
genotypes the relative uptake of the nuiisestudied varied from 22% to 157%. The
existence of intraspecific variations in minengtake and utilisation in various crop spe-
cies in the presence and absence of Al is well documented (Foy, 1984) and our findings
confirm these variations to exist also in maize. It is also well documented that increasing
concentrations of Al in soil or in nutrient solution negatively affect root influx of nutri-
ents and transport to the shoots, consequeettyeasing nutrient accumulation by plants
(Foy, 1984), which is in agreement withe results found in our study.

Table 2. Plant uptake of P, K, Ca, and Mg tan maize genotypes grown at zero (Al 0)
or 100 (Al 100)uM Al in culture solution for 14 days. A significant effect of the addi-
tion of Al is indicated in the ‘Al 100’ columns by *p(< 0.01) or * p < 0.05). Values
followed by the same letter within a cola are not significantly different at 5% of sig-
nificance in the Tukey test

Genotype pt K Ca Mg
A0 AlI'100 A0 AlI'100 AlO Al 100 AlO Al 100

Gl 27.9 87 a 552 61**a 38.5 44**a! 131 31**ab
G2 44.6 77**a 541 54**g 39.2 35**abc 12.2 26**ab
G3 27.6 89 a 535 50**a 42.4 37**abc 14.4 29**ab
G4 26.5 104 a 450 74**a 32.3 60**. 12.6 37**a
G5 28.6 85 a 533 76*a 42.9 41**abc 15.6 30**ab
G6 26.0 94 a 404 63**a 35.2 39**abc 12.9 28**ab
G7 25.1 85 a 410 52**a 34.4 33**bc 111 27**ab
G8 31.2 83*a 519 56**a 30.8 48**aly 14.3 29**ab
G9 23.9 84* a 389 53**a 38.0 24* ¢ 12.0 22** p
G10 24.1 81* a 491 46**a 37.1 28**hc 14.1 22** b
Mean 87 58 39 28

T values are given in mg of nutrient (4 plantsh the ‘Al 0’ columns and in % of the control (Al
0) in the ‘Al 100’ columns

The uptake of P and K wésss affected by 10aAM Al. Precipitation of P by Al and
subsequent accumulation on the root outer surface or in the root apoplast without being
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absorbed by the root cells may have conteduo increase the relative high values of
total P content of roots of plants exposedAl, consequently mataining relative high
values of ‘apparent’ P uptake of these plahtscontrast to the divalent cations Ca and
Mg, uptake of the monovalent cation K has bsleown to be less inhibited by Al and in
certain cases the uptake of K at low concentrations of Al may be even higher than in
solutions withoufAl (Rengel and Robinson, 1989a).

Table 3. Plant uptake of Cu, Fe, Mn, and Zn teyn maize genotypes grown at zero (Al
0) or 100 (Al 100uM Al in culture solution for 14lays. A significant effect of the ad-
dition of Al is indicated in the ‘Al 100’ columns by *p(< 0.01) or * p < 0.05). Values
followed by the same letter within a coin are not significantly different at 5% of sig-
nificance in the Tukey test

Genotype cu’ Fe Mn Zn
A0 AlI'100 AlO Al 100 AlO Al 100 AlO Al 100

Gl 60.3 54** [y 2049 50** ¢ 495 45**abc 246 57**ah
G2 61.7 55* p 1599 57* bc 5563 40**abc 260 37**bc
G3 59.7 74 ab 1945 93 ab 650 38**abc 216 53**al»
G4 46.0 157* a 1799 11Z a 481 56**a 184 65**a

G5 72.0 86 ab 1780 100G a 654 44**abc 307 48**abc
G6 53.0 49** p 1803 50** ¢ 505 38**abc 247 46**abc
G7 53.3 52** 1638 50** ¢ 445 39**abc 216 42**abc
G8 58.3 59* ab 2096 55** bc 496 46**ab 250 41**abc
G9 38.0 51** b 1583 44** ¢ 502 28** ¢ 185 32** ¢
G10 40.3 41** p 1819 46** ¢ 559 32** pc 211 32* ¢

Mean 68 66 41 45

Tvalues are given ipg of nutrient (4 plants} in the ‘Al 0’ columns and in % of the control (Al
0) in the ‘Al 100’ columns

Our results are in agreement with other reports about Al effects on nutrient uptake by
maize (Clark, 1977; Poschenrieder et al., 1995) as well as by other gramineae like sor-
ghum (Duncan, 1987; Tan and Keltjens9Qp rice (Jan, 1991), and ryegrass (Rengel
and Robinson, 1989a). Also, the increased absorption of Cu and Fe found in this study
with some genotypes is consistent with the results of Clark (1977), who reported an Al
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resistant maize genotype with enhanced uptdlkeu, Fe, Mn, and Zn when grown in a
93 uM Al nutrient solution, contrasting with akl sensitive genotype that showed a re-
duced uptake of the micronutrients considered.

Calcium and magnesium have been mentionditeirature as key nutrients involved
in the Al toxicity syndrora (Marschner, 1995), and genotypethwhe ability to main-
tain a less inhibited uptake of these twdrigmts under Al stress are expected to have a
higher resistance to Al. Consequently, genotypes more resistant to Al will accumulate
higher amounts of these two nutrients igieen period. To checthe existence of such
relationship with the maize genotypes tested here, regression analysis was run between
the relative uptake of Ca &g and the relative total rod¢ngth, used as the best indi-
cator of Al resistance with the ten rpaigenotypes. First-ord@olynomial equations
were fitted and the resulare shown in Figure 1. Siditiant positive relations were
found indicating that increasingly genotypic resistance to Al was accompanied by higher
relative values of Ca and Mg uptakGenotypes more resistant to Al (e.g. G4 and G5)
indeed absorbed relatively higher amounts of both nutrients than the less Al resistant
genotypes, i.e. G9 and G10, athmight have contributed tbetter growth of the plants
with consequent higher biomass production anttient uptake. In other studies evalu-
ating the toxic effects of Al on the minenaiitrition of plant species, genotypes more
resistant to Al also have shown a less imgzhinutrient uptake than genotypes less re-
sistant to Al (sorghum, Baligar et al., 1993; maize, Clark, 1977; ryegrass, Rengel and
Robinson, 1989a).

Uptake of Mg was most severely depressedibgnd it was further investigated by
studying the Mg concentratian shoots of the ten maize genotypes (Figure 2). Grown in
absence of Al, genotypes had an average dfigatoncentration of about 80 mmolRg
dry matter. When grown with 1Q0M Al the shoot Mg concentration was reduced sig-
nificantly in all genotypes to concentrations of about 30 mmdl ¢y matter, which are
well below the 60 mmol Kg dry matter reported by Reuter et al. (1997) as the critical
Mg concentration for maize. Codsiring the status of the other nutrients in shoots of
maize plants growing in 10AM Al nutrient solution, Ca was found to be present in
marginal concentrations while Zn was present in concentrations in the deficiency range,
following values suggested by Reuter et al. (1997). Thus, evaluated at the end of the 14-
d period of Al exposure, the ten genotymeowed a general status of nutrient defi-
ciency, which was probably initiatet different stages for the tgenotypes, but led all
ten genotypes to ¢hsame final status.
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Figure 1. Relationships between relative Al itaince and relative uptake of Ca or Mg
of ten maize genotypegown at zero or 10AM Al in culture solution for 14 days.

Reduction of nutrient uptake caused bya&l reported here is not only the result of
direct or primary effects oAl on nutrient uptake, as explained in the introduction.
Firstly, during the 14-d period Al hasfafted both root length and shoot biomass pro-
duction of the ten genotypes differentlythaugh significant differences among geno-
types were only found in root length (Table Djfferences in root length will directly
affect nutrient uptake by changing plant's uptake capacity, while shoot biomass will be
involved by affectingthe plant nutrient demar(gink). Clearly, these two effects of Al
occurred simultaneously and were collecyvidken into account here. Consequently,
the higher production of shoot biomass and fength by the resiaht genotypes grown
under Al stress (Table 1) havertnly contributed for theihigher relative values of
nutrient uptake (Tables 2 and 3). Secondly, as shown in Figure 2, at the end of the 14-d
period, plants of all genotypes showed shigigt concentrations far below the critical
concentrations for maize. This means that [il®DAI in solution has induced Mg defi-
ciency and thus also hibited growth during part ahe 14-d period with all ten geno-
types. Probably, the moment at which this critical internal Mg concentration was reached
was not the same for all ten genotypes. At the moment that Mg deficiency appears, mal-
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functioning of the plant will not only inhibit growth but also disturb the process of
nutrient uptake.
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Figure 2. Mg concentration in shoots of plartbten maize genotypes grown at zero or
100uM Al in culture solution for 14 days.

Therefore, it was not possible with this study to quantify the specific or direct effects
of Al on nutrient uptake, without excludingetiieduction in nutrient uptake due to indi-
rect Al effects, i.e. impaired root and shoot growth and Mg deficiency. Therefore, in a
next study, we will focus on the short-teeffects of Al on nutrient uptake with the
same maize genotypes. We will make use of short-term experiments in an attempt to
avoid significant changes in root length andtrmorphology and in internal nutrient
status caused by Al. For this purpose genotypes that are clearly different in sensitivity to
Al, like G5 and G9, will be selected.

66



Long-term effects of Al on nutrient uptake

Acknowledgements

Grateful thanks are due to Mr Sidney N. Parentoni and Dr Gilson V. E. Pitta from
CNPMS-EMBRAPA, Brazil for kindly providinghe seeds of the maize genotypes, and
to Mr Jaap Nelemans and Mrs Willeke vaimtelen from the sub-department of Sail
Quality of Wageningen University for the technical assistance. The financial support
provided by the BraziliaMinistry of Education (CAPES]scholarship #2320/97-5 to
EDM) is gratefully acknowledged.

67






Chapter 6

Direct effects of aluminium on nutrient uptake by maize genotypes
differing in aluminium resistance with special emphasis on the uptake
pattern along the seminal root*

Abstract — Aluminium (Al) ions can affect the tgke of plant nutrients in two ways.
Indirectly, by reducing root growth (and thus reducing root surface available for nutrient
absorption), and directly by competing with nutrient cations for absorption sites on the
plasma membrane. To minimise, or even to avoid, the occurrence of these confounding
factors, studies on the effects of Al on nemitiuptake should not take long. Besides they
should consider plant material whose gttowreceding nutrient uptake measurement has
not been altered by Al. In the present study short-term (24 + 6 h) effects of exposure to
Al on nutrient uptake were investigatecbrad different zones of root axes of maize
seedlings. With two maize genotypes exhibitdifferential resistance to Al, uptake of
calcium (Ca), magnesium (Mgand potassium (K) was studied by complete seminal
roots and along the whole axis of intact sghroots of seedlings grown with or without

Al. Exposure to Al reduced total uptake@& and Mg, but not that of K, which was ac-
tually stimulated by Al. The negative effeaif Al on Ca and Mg uptake were more pro-
nounced in the Al sensitive genotype. The assessment of the spatial localisation of nutri-
ent uptake on the root axis revealed thatsfdffecting nutrient uptake widely along the
longitudinal axis of the root. The pattern Afinduced inhibition in nutrient uptake is
compared with the pattern of citrate exudation along identical root axes of the Al resis-
tant genotype, assessed in a prasistudy. Collectively, thesesults form the basis of a
qualitative evaluation of the potential role of organic anions, exuded distinctly along the
root axis (Chapter 3), in a mechanism dftpction against the adrse effects of Al on
nutrient uptake.

Key words: aluminium toxicity, calcium, citrate exudation, magnesium, root &ds,
mays cultivars

* with Willem G. Keltjens
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Introduction

The uptake of nutrients by plant roots stasiith the movement of ions and uncharged
molecules from the exteah solution into thecell walls and water-filled intercellular
spaces of the root cortex (= root apoplast). While diffusion or mass flow generally drives
the movement of nutrients into the raapoplast, their pathways and mechanisms of
transport diverge when passing the endodeamis moving into the symplast. lons bind

at specific sites in the plasma membrane (e.g. carriers, transport proteins) and are trans-
ported actively into the cytoplasor cross the plasm@aembrane passively through ion
channels (Marschner, 1995). The rate of ion uptake per unit root length tends to decline
as the distance from the apex increases. But this tendency is not unique and varies ac-
cording to type of nutrient, plant nutdtial status, and plant species (Marschner, 1995).
Uptake of calcium (Ca) and magnasi (Mg) is higher in apicghan in basal root zones,

while uptake of potassium (K) and phospl®o(P) occurs more smoothly along the lon-
gitudinal axis of the root (Fergusoand Clarkson, 19751976; Kochian, 1995;
Marschner, 1995).

While in the root apoplast, cations and asiopresent in solution in different con-
centrations and forms, interact with each other and with electrically charged groups lo-
cated in the cell walls and on the outer surface of the plasma membrane. These interac-
tions may facilitate or restrict further movementtod ions to the absorption sites of the
plasma membrane of individual cells opbt® According to Marschner (1995), binding
of nutrient cations to carboxylic groups of the cell wall increases the concentrations of
these cations in the root apoplast and thus in the vicinity of the active uptake sites at the
plasma membrane, enabling high rates of nutnigotake. An example of restriction of
nutrient uptake is the direcompetition between ions for common binding sites. The
strength of the interaction eten negative binding chggs and cations increases with
the valency of the ion. Due to preferentiding of polyvalent cations [e.g. aluminium
(Al] they would to a greaextent neutralise these negatlearges at the cost of other
cations with lower affinity (e.g. Ca, Mg) and decrease further accumulation of these ca-
tions towards the membrane surface (Ryan and Kochian, 1993).

Aluminium in the rooting medium is able to inhibit the uptake of several nutrients in
many plant species (Foy, 1984). Aluminium hydrolyses in solution such that the trivalent
Al species (AY) dominates in acid conditions (pH5). This monomeric cation binds to
various inorganic and organic ligands such ag’P@Q?", F, organic anions, proteins,
and lipids (Kinraide, 1991). With this wide range of interactions, it is not surprising that
Al®* can disturb the uptake of nutrients in different ways. While it is generally accepted
that binding of Af* to the lipids and protein biological membranes may interfere
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with the transport of nutrierito the cytoplasm (Taylor, 1988), #Alhas been shown to
compete with nutrient cations (mainly thevalent Ca and Mg) for binding sites in the
cell walls and on the plasma membrane, to displace those adsorbed on these sites and to
decrease their concentration around the transport sites on the plasma membrane (Rengel
and Robinson, 1989b). Besides these competing effects on catidhgqratably re-
duces their absorption also biocking cation channels (Kom, 1995). Inhibition of P
uptake occurs due to (co)precipitation of P with Al at the root outer surface and Al
bound at cell wall material and cell membramehe root apoplast. Precipitated with or
bound to Al, P remains largely inorganic athangeable, and is not absorbed or used
in the plant metabolisrtClarkson, 1967). However, differencissensitivity to Al ef-
fects on nutrient uptake are observed between genotypes of a certain species, and it was
once suggested that increased Al resistance is associated with an increased ability to
maintain normal nutrient fluxes amdembrane potentials across the plasma membrane
of root cells in the presence of Al (Miyasaka et al., 1989). In the work of Huang et al.
(1992), addition of Alconcentrations (5—20M AICl3) to an Al sensitive wheat cultivar
(Scout 66) inhibited G4 uptake enormously whereas in an Al resistant cultivar (Atlas
66) C&" uptake was relatively unaffected. But genotypic differences in the Al effects on
Cd" uptake were larger in the apical 5 nafithe root than in the region 5-20 mm be-
hind the root tip.

The toxicity of AP* ions can be reduced through @dmplexation with small ligands
such as sulphate, fluoride, and organioas (Kinraide, 1991)Complexation of A" by
externally applied organic anions (e.g. citrate, malate) has been shown to reduce the im-
pact of toxic Al on cruciatellular components and piglogical processes (Keltjens,
1995; Ownby and Popham, 1989; Suhayda and Haug, 1986). Exudation of these com-
pounds from plant roots h&®en lately implicated in mechanism of detoxification of
Al**in the root apoplast and/or rhizospherej tius in protection of the roots against its
harmful effects (for a review see Ryan et al., 2001). But unlike the absorption of nutri-
ents that may occur along the whole extension of the root axis (Marschner, 1995), high
rates of Al-induced exudation of organic anions are strictly confined to root zones pre-
senting apices, either the apex of the main root or the apices of lateral roots initiating
from the main root (Chapter 3). The mrdtive effect to be conferred by organic anions
through complexation and detoxification of*Als therefore more likely at places with
higher organic anion exudation, probal#aving the rest of the @bunprotected against
the well-known negative effects of Al ions omitrient uptake (Kltjens, 1995; Rengel
and Robinson, 1989a).

This study was established therefore to investigate the short-term or direct effects of
exposure to Al on nutrient uptake along different zones of a root axis. With two maize
genotypes exhibiting differéial resistance to Al, nutrient uptake was studigdbf
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complete seminal roots, anid) (in distinct regions of semal roots of plants grown with

or without Al. The investigation of the spatial distribution of the Al effects along the root
axis on nutrient uptake (this chapter) a citrate exudation (Chapter 3), will reveal
zones of the root that are more affected by Al, allowing a qualitative evaluation of the
potential role of organic anions, exuded distinelong the root axis (Chapter 3), in a
mechanism of protection against the adverse effects of Al on nutrient uptake.

Materials and methods

Plant material and growth conditions

The plant material consisted of two maize genotypes differing in resistance to Al. These
genotypes, CMS36 (Al resistant) and BR106 (Al sensitive), were selected from a collec-
tion of ten Brazilian maize genotypes screebefibre for resistance to Al in both culture
solution and acid soil. These two genotypes showed the greatest difference in resistance
to Al among the ten genotypes tested (Chapj. Maize seedlings were grown in a stan-
dard nutrient solution with pH 4.0 drihe following chemical composition {#): 1.0
NH;NO;z, 0.005 NaHPQ,, 0.5 K;SQO,, 0.5 CaCl, 0.125 MgSQ, and (1M): 46 B, 0.3 Cu,

286 Fe (as Fe-EDTA), 0.1 Mo, 9.2 Mn, 0.8.Zrhey were grown in a controlled envi-
ronment chamber at 20 °C under a regimhd 6 h light (light intensity 80 W mM)/8 h

dark.

Roots of seedlings of the two genotypesre grown axenically to preserve organic
compounds exuded by roots ateir potential role in pretcting the roots against the
harmful effects of Al. Thus, all materials used in this experiment were autoclaved and
successive treatments were carried out in a laminar-flow hood. To sterilise the surface of
the seeds, they were immersed for 1 min in 96% ethanol, soaked for 1 h in a solution
containing 1.5% sodium hypochlorite (from commercial bleach) + 1% Tween 20, and
subsequently incubated for 15 min in a 1.586lium hypochlorite solution. After each
treatment the seeds were rinsed three times with sterile demineralised water. To check
for eventual microbial contamination surface-sterilised seeds were germinated on nutri-
ent agar plates prepared with a Mr®aSQ solution. The plates were placed in a dark
chamber at 25 °C for 90 h. After germiila, uncontaminated sekngs were individu-
ally transferred to Petri dishe® (94 mm) containing 50 mL dfterile nutrient solution.

The nutrient solution was adjusted to pH 4.0 withM.HCI and autoclaved before the
addition of filter-sterilised Fe-EDTA stocsolution. In each Petdish, the roots of one
seedling were grown horizotita oriented whereas the shoot was grown vertically
through a small notch made in the edge of the lid. The notch was sealed with lanolin and
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the Petri dish wrapped with foil and transferred to the growth chamber where the seed-
lings were grown for 3 d.

Aluminium treatments and nutrient uptake measurements

Aluminium was added to the sterile netrt solution without Fe-EDTA to reach con-
centrations of 0 and 40M Al. Aluminium was diluted from a filter-sterilised stock so-
lution containing 10 M AICI; and 0.1 vl HCI. The Al treatmet solutions (50 mL)

were applied to the seedlings in the same Petri dishes in which they had been growing
during the preceding 3 daysptacing the old nutrient sdions. Seedlings were grown

for 24 h in the Al treatment solutions before the uptake measurements started.

The divided-root-chamber teclopie, described by Ryan et £1993) and Delhaize et
al. (1993), was used to study sites of nutrient uptake along the longitudinal axis of the
whole primary seminaloot of the seedlings. After 24 of Al pre-treatment, seedlings
were transferred to large Petri dishés 145 mm) where they had their roots spatially
divided using plastic ringsq 13 mm). These plastic rings were placed all over the main
seminal root of each seedling covering it frtre root apex to the most basal section of
the root. A thin layer of vaseline was used to seal the space between the plastic ring and
the bottom of the Petri dish and a layer of agar was poured around each plastic ring to
hold it over the root. Each plastic ringliated either an apical 10-mm or a 13-mm long
root section from the rest tffie root system forming andividual chamber. An aliquot
of 0.5 mL of Al treatment solution was applied to each chamber and with 50 mL of the
same treatment solution the rest of the system was covered. The Petri dish holding
the system was closed with a lid to prevent contamination and evaporation of the treat-
ment solutions, wrapped with foil, and tréarsed to the growth chamber. The solutions
enclosed by the rings were collected after @iéighed, and analysed on P, K, Ca, and
Mg. The uptake of nutrients was calculateddach root segmemenclosed by one plas-
tic ring for the period of 6 h from the volume and change in nutrient concentration of the
solutions in the distict rings. The latter was measured IRP—AES. At the end of the
experiment the number of lateral roots eseld by each plastic ring on the more basal
section of the root was counted under aobular (3.2 x magnifiation) and the root
segment in each plastic ring was excised and weighed.

Three replicate seedlings per treatment per experiment were prepared and the entire
experiment was repeated once. Because the seedlings used did not have roots of the
same length, the number of plastic rings usezbter the entire root varied among repli-
cate roots. Hence, the uptake values measured in the plastic rings could not be directly
averaged across replicates neither compared between treatments, unless the number of
rings used per root was the same. To overcome this problem, we considered each plastic
ring as representing a percentage of the total length of the root. Therefore, the total root
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length was divided in 100 units (= 100%)athe uptake value of each ring was repeat-
edly attributed to every unit that such ring represented. Exemplifying, for a seedling in
which nine rings were used towar the whole root, each rimgpresented eleven units (=
11%) and the total of nine rings completed 100 units. Once every root had the same
relative length, the average of every unit (1%) was calculated among the replicates of the
treatments.

Results

Characterisation of the root material used

Maize seedlings had one long seminal rootvierifrom the radicle and typically three to

five shorter seminal roots #te time they were used for the nutrient uptake measure-
ments. Only the main (longest) seminal root of each seedling was studied. It was a fully
developed root about 120 mm in length @nelsenting short (< 5-6 mm) lateral roots in

the more mature part of the root. This parthe root representedaut 30% of the total
length. The remaining of the root consistedhaf root apex and of an intermediate zone,
the part between the root apex and the zotte laterals. The apical zone of the root,
enclosed by one plastic ringgpresented about 15% and the intermediate zone about
55% of the total root length.

Effects of external Al on total root nutrient uptake
The total uptake of Ca, Mg, and K by thiain root was calculated by summing the up-
take values measured in the distinct plasticsinged to cover the entire root and is pre-
sented in Figure 1. Uptake of P is not shasinte a net efflux rather than a net uptake
was mostly measured with the seedlingsbofh genotypes. Seedijs grown without
added Al absorbed similar ants of Ca, Mg, and K during the 6-h period studied, with
no significant differences between the two maize genotypes (statistics not shown).
Exposure of seedlings of both genotypes toetluced the uptake of Ca and Mg, but
not that of K, which was actually stimuat by Al. Uptake of K was about 5 to 6 times
as high as that of the seedlings not treatati wl. The relatively high variation in K
uptake with plants grown in control solutions is due to the fact that some roots showed a
net uptake whereas others showed a net effil&k when the uptake values of the plastic
rings covering each root were summed together.
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Figure 1. Uptake rates of Ca, Mg, and K byetlwhole main seminal root of maize
genotypes CMS36 (Atesistant) and BR106 (Al sensi#) growing at two concentra-
tions of Al in solution. Total uptake perabwas calculated byumming the uptake val-
ues measured in the plastic rings used to cover the entire root axis.
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The degree of inhibition of Ca and Mg uptake caused hyM® differed between
the Al resistant and the Al sensitive gemmety The negative effects of Al on Ca and Mg
uptake were much more pronounced with #lesensitive genotye BR106. While Al
caused a significant reduction of 51% in fBa uptake of the Al sensitive genotype
BR106, the Al resistant CMS36 showed no significant reduction. With the nutrient Mg,
both genotypes showed a@sificant lower uptake aft the addition of 4@M Al. How-
ever, the relative Mg uptake of the Al resistant genotype CMS36 maintained about twice
that of the Al sensitiv8R106 after exposure to Al.

Uptake pattern along the main seminal root

Net fluxes (= influx - efflux) of Ca, Mg, and K were measured along the root axis of the
seedlings, regardless of tAétreatment applied. With Cand Mg mostly a net positive

flux (= uptake) was measured along the rqigures 2A,C, 3A,C). Similar patterns of
nutrient absorption along the root axis were found with the two genotypes when growing
in control solutions (M Al), with slightly higher rate®f absorption of Ca and Mg in

the most basal part of roots of the Fdnsitive genotype BR106. This variation was re-
sponsible for the higher amounts of Ca &gl absorbed by BR106 in nutrient solution
without Al (Figure 1). With K,neither an uptake nor atneegative flux (= efflux) oc-
curred homogeneously along the root axis; they occurred alternately along the tested
roots of both maizgenotypes (Figure 4A,C).

Addition of Al to the nutrient solutions generally reduced the uptake rate of the di-
valent cations Ca and Mg with seedlingsoth genotypes, with more severe effects on
the Al sensitive BR106 (Figas 2B,D and 3B,D). This ne@aa effect of Al, shown pre-
viously on the whole root basis (Figutg was again more pronounced with Mg than
with Ca.

The effects of Al on nutrientptake, mainly negative f@a and Mg, and positive for
K, varied enormously along the root axis. They ranged from an increase of 60% in Ca
and 15% in Mg uptake to a reduction oP40n Ca and of more than 100% in Mg up-
take. Relative changes (decreases) larger than 100% indicate a complete reversal from
uptake to efflux of the nutne. In general, the smallestductions in Ca and Mg uptake
caused by Al were observed in the intermediate zone, with some variation though. Cer-
tainly the strongest negative effects of Al on Mg uptake were observed in the apical re-
gion of the root, where a very small uptakeMy under control solutions (Figure 3A,C)
changed into a net leakage of Mg afteriidd of Al in both genotypes. The positive
effects of Al on K uptake were observed in the root zones behind the apical zone, where
a consistent K uptake was observed along the root axis. In the apical root zone, however,
Al was not able to convert the efflux iném uptake with neither genotype (Figure 4B,D).
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Figure 2. Ca uptake measured along the mainisahroot axis of two maize genotypes

in control solutions (QuM Al) [(A) CMS36 and (C) BR106] and respective relative
changes caused by 4 Al [(B) CMS36 and (D) BR106]In the right part (B and D) a
negative value denotes percentage reductioflewhpositive value denotes percentage
increase in uptake due to Al exposure. The length of the root axis is expressed in per-
centage as defined in Materials and methodst Rres as used in the experiments are
schematised on the left-hand side for reference.
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Figure 3. Mg uptake measured along the main ipafrroot axis otwo maize genotypes

in control solutions (UM Al) [(A) CMS36 and (C) BR106] and respective relative
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as defined in Materials and methods. Root axes as used in the experiments are schema-
tised on the left-hand side for reference.
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Figure 4. K uptake measured along the main s&hroot axis otwo maize genotypes

in control solutions (QuM Al) [(A) CMS36 and (C) BR106] and respective relative
changes caused by 4M Al [(B) CMS36 and (D) BR106]. In the left part (A and C) a
positive value denotes an uptake, while gatiwe value denotes afflux. In the right
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reduction in efflux or, when larger than 100%, a complete change of efflux into uptake.
The length of the root axis is expressegéncentage as defined in Materials and meth-
ods. Root axes as used in the experimantd schematised on the left-hand side for refer-
ence.
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Discussion

The whole surface of the main seminal root of the maize seedlings tested in this study
showed activity in absorbing Ca, Mg, and K from the external solution. These results
agree with those of other studies withaict roots of maizeharley, marrow, and wheat
(Ferguson and Clarkson, 1975; Ferguson and Clarkson, 1976; Harrison-Murray and
Clarkson, 1973; Huang et al., 1992). Using a variety of methods to study uptake and
release of ions along the roots, these studies indicated that ion absorption capability is
widely distributed over the total root surface and not restricted to apical zones of the
root.

To avoid significant Al-inducedhanges in root functiomgy and therefore the effect
of confounding factors on nutrient uptake (Rengel, 1992a), the effects of Al were meas-
ured after a short exposure of the root system to this trivalent metal. A total exposure of
30 h revealed strong effects of Al on thé¢ake of mono and divalent cations with both
maize genotypes. Although itvgell established that Al ipairs uptake of several nutri-
ents, with Ca and Mg being the most affected ones (Marschner, 1995), the mechanisms
by which Al disturbs the uptake processee not well understood. For instance, dis-
placement of the cations €aand Md" from exchange sites in the root apoplast by Al
has been shown in a number of studies (Glmtaad Jentschke, 1998; Keltjens, 1995;
Rengel and Robinson, 1989b), and often fotmbe associated with reduced Ca and Mg
uptake and transport to the shoots. But despite some speculation that altered concentra-
tions of nutrients in the vicinity of pagated membrane transport proteins may affect
nutrient transport across the plasma memb{&angel and Robinson, 1989b), studies
have failed to show a functional relationsbigtween adsorption of nutrients in the root
apoplast and their absorption across the plasma membrane (Huang et al., 1992). It seems
likely that Al is affecting distinctly and independently the adsorption of cations at root
exchange sites and their absorption across the plasma membrane. This might explain a
simultaneous displacement of K from the exchange sites without changing, or even in-
creasing, as shown here, the apton of K by the root. Ihas been also proposed that
Al affects uptake at the plasma membrane level, competing for uptake on carriers sites or
inactivating these membratnsporters (Taylor, 1988).8lying the effects of Af on
the kinetics of M§" uptake into root cells of ryegrass, Rengel and Robinson (1989b)
reported that an Al activity of 6.6uM considerably increased the Michaelis constant
(K, but not the maximal influx rate.(},), of net Md" uptake. Increased Kindicates
that the postulated transpgtoteins in the membrane have a lower affinity for’Mg
than for AP* and the authors suggested a mechanism of competitive inhibition to explain
the reduced uptake of Mg in the presence of Al. Preferential binding of Al to the plasma
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membrane can neutralise its surface charge or even cause a surface potential shift to
more positive values, with direct implications imm movement towards the sites of ab-
sorption (Ahn et al., 2002; Ryan and Kochian, 1993). Additionally, Huang et al. (1992)
suggested that the mechanism of Al inhibition of Ca uptake probably involves blockage
of a C&" channel in the root cell plasma membrane by an interaction of Al with the
channel at the outer face of the membrane. The higher depressiorf‘ithiiyin C&"
uptake is presumably because the highly hydratet! Mg has a lower binding strength
at the exchange sites on the cell walls and plasma membrane ffiasuffaring more
from the competition with other cations of higher valency and higher affinity for binding
sites.

Results of the detailed experiments with root axis showed that Al is affecting nutrient
uptake widely along the main seminal r@ads. Although strong effects were noted in
the apical part of the root, especially for Mg, reductions observed in more mature zones
will have consequences to the overall nutritadrthe plant. Root zones other than the
root tip are undoubtedly essential and viemportant in absorption and translocation of
several nutrients to the shoots. Huang and co-workers (1993) showed that 75% of the
total Ca transported to the shoots of whesdlings was absorbed by root regions that
were not apical. Moreover, nutrients absattin more mature zones of the root are gen-
erally more translocated to the shoots (Burley et al., 1970; Ferguson and Clarkson,
1976).

Differential resistance to Al concerning nutrient uptake was observed with the two
maize genotypes tested, where the Al resistanS36 maintainedelatively higher rates
of uptake than the Al sensitive BR106. This differential behaviour observed here agrees
with the differences in &ir general resistance to Al, established before with a series of
screening experiments based maimyroot growth (Chapter 2). For instance, grown for
4 days at 4QuM Al, the same Al concentration as used here, the Al resistant CMS36 had
a reduction of 26% in the root elongation rate (RER), whereas the Al sensitive BR106
had a reduction of 60% in RER. Exudatiof organic anions by roots in response to
toxic monomeric Al was then cited as tmechanism underlying these genotypic differ-
ences. High rates of root citrate exudation measured with CMS36 were mentioned as
possibly responsible for its less disturbedtr@longation and thusgher resistance to Al
compared to BR106, which showed a significant lower rate of citrate exudation. This
greater amount of citrate being exuded it root apoplast and rhizosphere of CMS36
genotype could also mean prdten of the roots from the negative effects of Al on nu-
trient uptake, which would in turn, coritite to its higher relative resistance to Al. Pres-
ent in a less charged or electroneutral complex, Al will no longer be adsorbed in great
amounts at root exchange sites and consequeatilynger immobilise P in the root, nor
compete with Mg, Ca, and K for common absorption sites. As a result, less Al will ac-
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cumulate in the root and plant nutrient uptake will be less inhibited than with an equiva-
lent supply of soluble inorgéc monomeric Al (Keltjens, 1995).

But to protect the roots from the adver$fe@s of Al on nutrient uptake, organic
anions, and in the particular case citrate, should be released in root regions where high
rates of nutrient absorption are taking place. Results of this study on the spatial distribu-
tion of nutrient uptake along the seminal ragts and of a previous study on the citrate
exudation along identical ots of genotype CMS36 (Cpger 3) were summarised in
Figure 5, and show that the two patterns do not match. Actually they are quite distinct
from each other since the highest rates of citrate exudation were observed in root regions
where uptake of Mg was fairly the lowest. This disagreement is particularly noticeable in
the apical part of the root (initial 10% of the root length). Although accounting for 62%
of the total citrate exuded by the whole root, the apical part absorbed no more than 3% of
the total Mg (8% of the total Ca) taken up. The root is therefore exuding most of its cit-
rate from a region where the Mg uptake is almost zero.
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Figure 5. Exudation rates of citrate and uptakesabf Mg measured along the main root
axis of the Al resistant maize genotype CMS36. The measurements were done in two
separate experiments. Citrate exudatwas measured in roots grown at gM Al
whereas Mg uptake was measured in roots grown in control solutiqusl @l). The

length of the root axis is expressed in petage as defined in Materials and methods. A
root axis as used in the experiments is schematised on the left-hand side for reference.

82



Short-term effects of Al on nutrient uptake

From this we conclude that citrate isopably primarily involved in making plants
resistant to Al by detoxifying Al around the root meristems, the most sensitive part for
root growth. Based on the findings as preseideigure 5, local ¢rate exudation does
not seem to be directly involved in nutrient uptake, because the segment with the highest
citrate exudation rate (the apex) shows almost no nutrient uptake, while the root zone
with the highest nutrient uptake shows almost zero citrate exudation. However, with
plants grown in soil systentle intermediate roactegment, i.e. the zone with almost no
citrate exudation, can probably benefit from the citrate exuded before by the root apex.
This citrate can probably protect the intermediate root zone against Al when following
the apex through a citrate-enriched soil environment. This could explain the positive role
of citrate, exuded by the apex, in nutrieptake under acid soil conditions. Maintaining
the uptake of nutrients on a higher rat@riebably a secondary and additional effect of
root citrate exudation to make plants more resistant to Al. Genetically, it appears that Al
resistance in maize is a complex trait (Magnavaca et al., 1987), and it should not be ruled
out the possibility of other mechanisrot Al resistance operatingoncurrently within
this crop species.
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Chapter 7

Simulation of citrate exudation into the apoplast of maize roots and
thelocal complexation of aluminium*

Abstract — The interest for the involvement of organic anions in plant aluminium (Al)
toxicity/resistance mechanisms has increased enormously in the last years. Released by
roots exposed to Al, these organic anionstlaoeight to reduce Al activity locally in the

root apoplast and/or rhizosphere to confartgution to root cellagainst the toxic ef-

fects of Al ions. Recent studies on the physiology of root organic anion exudation in
response to Al toxicity have strongly supported thelie in this mechanism. But it has
also raised the question whether quantiyithe amounts of these small ligands re-
leased in the root environment are adequate to explain resistance to Al. In the present
study this question was tackled by conibgnexperimental wh modelling work. We
hypothesised that resistance to Al is achieved via modification of the apoplastic envi-
ronment to effectively protect cell wall and cell membrane function from toxic Al. We
used a mechanistic model to describe the dymdmild-up of citrate concentrations in

the root apoplast and thérate diffusion to the outemot medium, and confronted the
final outcome of the calculations with observed experimental data. The citrate potential
to complex Al at local conditions wapredicted with a detailedhemical speciation
model. The model calculations suggest that Al activity in the apoplastic compartment
can only be kept lower than in the (soiljugmn in a dynamisystem, where a continu-

ous efflux of a complex forming agent exists. The results strongly supported the notion
that citrate can underlie Al resistance in maize. For the conditions considered in this
study, detoxification of apoplastic Al amgtotection of this compartment seem more
realistic and more important than thosetlie interface root-outer solution. A careful
extrapolation of how the processes might wiorlsoil systems indicated an even higher
potential of this mechanism of protection 0bt® against Al in sts. Important factors

that might well strengthen the rad organic anions are discussed.

Key words: aluminium resistance, aluminiunmoxicity, modelling, organic anions,
rhizosphereZea mays

* with Willem H. van Riemsdijk, Johannes C. L. Meeussen, and Willem G. Keltjens
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Introduction

Aluminium (Al) ions are toxic to plas. Primarily they restrict root growth but, after
sufficient exposure, a multitude of symptoms of Al toxicity appear on both roots and
shoots (Foy, 1984)nhibition of root growth, howewe occurs only when Al interacts

with cellular components of the root apex, whereas application of Al to differentiated
regions of the roots has no effect on growtlygiRet al., 1993). Coincidentally, it is in

the apical part of the root and its meristems that Al ions accumulate at highest concen-
trations. Within the root apex Al accumulates in the apoplast of epidermal and cortical
cells, with the endodermis acting as a didiire barrier to the further penetration of Al

into the stele (Rengel, 1996). Although it remains unresolved whether Al uptake across
the root cell plasma membrane is a necessary prerequisite for Al toxicity (Rengel, 1996;
Taylor, 1995), it seems clear that Al toxicity is expressed in the epidermal and cortical
root cells.

Release of metal chelators by t®of plants suffering &m Al toxicity has been con-
sidered as a possible mechanianderlying plant resistande Al. Among the metal
chelators detected in root exaids of plants growing undéit stress, organic anions of
low molecular weight have certainly constituted an important group. Consequently the
interest for their involvement in Abkicity/resistance mechanisrhgas increased enor-
mously in the last years (Jones, 1998; Kochian, 1995; Ryan et al., 2001). Hypothetically,
organic anions released by rootgesponse to Al confer peattion to the roots by com-
plexing Al in the root apoplasind rhizosphere, thus reduciAgactivity and toxicity at
local target sites such as cell walls and cell membranes (Delhaize and Ryan, 1995; Jones,
1998; Suhayda and Haug, 1986). This mechanism has also been referred to as an exclu-
sion mechanism, where Al is prevented from crossing the plasma membrane, entering
the symplast, and reaching sensitive intracellular sites (Taylor, 1991).

Recent studies on the physiology of root organic anion exudation in response to Al
toxicity have undoubtedly revealed impotté@atures of processes implicated in such a
mechanism (for a review see Ryan et al., 2001). However, these findings have been
mostly qualitative and a more quantitative evaluation of the role played by organic ani-
ons in such a mechanism is lacking. For example, it remains to be shown that the ob-
served fluxes of organic anions are sufficienptotect root apicefom toxic Al spe-
cies. The use of modelling techniques appears in this context a useful tool to comple-
ment such studies and to prdeiinsight into the meelmistic basis of some processes
involved.

In the present study we have investigatedldiilnamic of the build-up of citrate con-
centrations in the root apoplast and the atdiffusion to the outer root medium. Citrate
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release by roots in response to a number of environmental stresses (e.g. Al toxicity, and
phosphorus and iron deficiency) has beeil decumented. Citrate appears to be the
primary organic anion releaséy roots of maizeZea mays L.) plants grown under Al

stress conditions, representing as much as about 70% of the total organic anions exuded
under such conditions (ChaptgrJorge and Arruda, 199Pgllet et al., 1995). Further-

more, citrate is a well-known strgrmetal chelator and might well account for the re-
duction of the negative effects of Al ions mots. Based on experimental data collected

in a previous study (Chapter 3) we aimedléscribe part of the processes of citrate re-
lease by roots of maize. We used the observed experimental results as a reference to the
final outcome of our calculations. The complésatof Al at local apoplastic conditions

was also studied. We have focused on the hypatitesi resistance to Al is achieved via
modification of the apoplastic environment to effectively protect cell wall and cell mem-
brane structure from Al ions. It is also hypothesised that distinct exudation rates as
measured in our experiments with twoingagenotypes might be underlying the ob-
served genotypic variation in resistance to Al. Moreover we expect that the results of this
study will indicate the effectiveness and possible restrictions of root organic anion exu-
dation as a resistance mechanism to Al.

The mechanistic model describing this system combines a model of citrate release by
root cells and diffusive transport of citrate and Al species in solution with a detailed
model of chemical speciation. Formation of Al complexes has a strong effect on the ac-
tivity of free A" and consequently on Al phytotaity (Hue et al., 1986; Keltjens,
1995; Kinraide, 1991). But the Rlactivity in the root can only be kept lower than in the
(soil) solution in a dynamic system, wherecentinuous effluxof complex forming
agents might keep the #lactivity locally lower than in solution. Given the enormous
source of Al that the (soil) solution may represent, sufficiently high concentrations of
these complex forming agents at critical sites seem highly necessary.

Adsorption of Al to cation exchange sites of cell walls, although widely discussed in
the Al toxicity phenomenon, is not included in the calculations in this stage. Although
inclusion of ion exchange processes iour model frameworkechnically relatively
simple, it is in our opinion not a cruciptocess for alleviating Al stress. The ion ex-
change process will certainlgad to a retardation of the peraion of Al into the root,
due to cation exchange with bound Ca while Al is moving into the root. However, once
the exchange sites are in equilibrium with the solution phase of the intercellular space of
the root it has no longer an effect on the Al activity in the root. We think therefore that
the ion exchange mechanism cannot explain the relief of Al stress.

It may appear that release of organic anionsooys and theisubsequent accumula-
tion on the outer root surface would create a chemical barrier to the radial penetration of
Al into the root epidermis/cortex. Howeveretdliffusional transport of Al from the outer
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solution into the robwill not be affected by a conceation gradient of small ligands

that can form complexes with Al around the root if it is assumed that the diffusion coef-
ficient for all Al species is the same. Independently of the presence of this barrier formed
by small ligands the total amount of Al eritgy the root apoplast will be the same. The
concentration of Al within the root apoplastill be ultimately and solely determined by

the Al concentration in the (soil) solution, even if all cation exchange to the cell wall and
cell membrane is taken inccount. More important is tlepeciation of the Al entering

the root apoplast. It may vary consideyadépending on the presence and magnitude of
such chemical barrier, and physiolodfigathis may become of primary importance.

System description

The system studied here is composed of agegment of 10 mm in length standing in

the middle of a plastic ring of 10 mm feight (Figure 1). The impermeable plastic ring

is filled with pure nutriensolution thus forming a cyidrical volume around the root
segment. The experimental set-up used to collect information on part of the processes to
be described here is fully described in ChapteDne can immediately see that in the
experiments described in Chapter 3 the plastic ring was placed around the root differ-
ently from that described above. In the eipents the plastic ring was placed over a
root lying on the bottom of a Retlish. Nevertheless, to simplify the simulation, in the
present study the root segment was considered as placed vertically in the middle of the
plastic ring. Because of this change in the position of the plastic ring around the root
segment and to keep the ratio of volume of nutrient solution to root length the same as
used in the experiments, the radius of the virtual plastic ring was adjusted. In the simula-
tion model a plastic ring of 10 mm in height and 4 mm in radius holds 0.5 mL of nutrient
solution around a root segment of 10 nmbength and 0.44 mm in radius.

This root segment was chosen to represent the apical 10 mm of a typical main semi-
nal root of maize. On the longitudinal axigs root segment is considered as a homoge-
neous cylinder without root hairs. Inteligawo compartments are distinguished: 1) an
inner cylinder representing the stele and the endodermis, and 2) an outer cylinder repre-
senting the root cortex and epidermis. The inner compartment is considered as an im-
penetrable hollow cylinder and thus inactivethie processes studied here. The root epi-
dermis and cortex, formed by a seriesa@fll-organised concentric layers of cells, are
represented in the model by concentric layers of about one cortical cell thickness (Figure
1). Thus the root epidermis/cortex compartment was radially divided into 8 layers, each
of 30.25um thickness, resembling the mean 8 epidermal/cortical cell layers found in the
apical part of a young maize root (Peterson et al., 1993). The cylinder of solution sur-
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rounding the root segmemtas also divided into serad concentric layers, where we
used the numerical solutiof the diffusion process.

plasticring

root segment .
=g several solution

layers simulated

— central cylinder

\\:‘*—- X //’/ 8 cell layers
\L : single slice simulated
' A cell layers

not simulated

Figure 1. Schematic representationthe simulated system.

The chemical composition of the solution used in the calculations is actually a sim-
plification of the nutrient solution used in the experiments of Chapter 3 in the sense that
only the major components, also present ghlr concentrations, were considered. This
solution consisted of the following cqmnents, with respective concentrationguM:
calcium (Ca), 500; chloride (Cl), 1000-1300; sulphatesSE25; aluminium (Al), 0—

100. The pH of the solution was 4.0.

Model description

Chemical speciation

The chemical speciation model callates the distribution adhe components among their
various species in solution. Surface reactions describing interactions of the chemical
species with root cell walls and root cell membranes are not taken into account in the
model for reasons explained in the introduction. The chemical speciation of the system
during transport is computed from the lotathl component concentrations. However, it

is also possible to compute the speciation at a fixed pH when desired. Because of the
sensitivity of the speciation results to the equilibrium constants, the values used in the
calculations are listed in Table 1.
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Transport model

The movement of components in the solufiside and outside the root is described by
diffusion. Only radiadiffusion is considered and it described using Fick’'s second dif-
fusion law (Crank, 1975):

rarl " ar

oC, 19 ( acij
—= rD
ot ror

whereC; stands for the component concentration in md} trfor the time in seconds,

for the radial distance from the centre of the layer in metersDdod the apparent dif-
fusion coefficient in rhs . No distinction in the diffusion coefficient of species was
made. A single value of 1 x Tom® s* (self-diffusion coefficient in water at infinite
dilution) was used for all species in the solution outside the root. Slower diffusion of
ions in the apoplast of plant roots thanfiee water was simulated by using a smaller
diffusion coefficient D = 1 x 10 m? s for the solution in the root, as suggested by
Mengel and Kirkby (1987). Slower diffusiaof ions in this compartment than in free
water is probably due to thertoosity and to the interactiod ions with the cell walls.

Because we studied exudation of citrate in a closed system and for a relatively short
time period we assume root absorption of wabebe negligible in this period. Conse-
quently, no convective transport driven by water movement in this system was taken into
account. Mass exchange between the solution in and outside the root is assumed to be
controlled by diffusion only and not to be restrained by the permeability of the outer root
surface or by a boundary layer.

The combined set of equations that describe the mass exchange in the system is nu-
merically implemented by using a owémensional so-called mixing cell model and
solved by using a firsbrder difference scheme in time (van Beinum et al., 1999). At
every time step, first all the potential mass exchanges were calculated for every cell in
the system, before the mass totals were actually updated. The distribution of the compo-
nents in solution is computed each timgpstising the speciation model. The simulations
were carried out using a time step of 0.1 s. Increasing the number of time steps and lay-
ers (nodes) did not change the calculated results noticeably, indicating that the results are
not significantly affected by numerical errors.
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Table 1. Equilibrium constants used tompute speciation in solution

Equilibrium reaction Log K
Al** + OH — AlOH* 8.98
Al** + 20H —  Al(OH)," 18.70
Al + 30H — Al(OH); 27.01
Al + 40H —  Al(OH), 32.67
AR + Citt” — AlCit 7.37
Al** + 2Cit~ o~ AICit,> 13.90
Al** + SO — Also, 3.20
Al** + 2507 —  Al(SOy), 5.10
Cit* + H — HCit* 6.40
Cit* + 2H" —  HCit” 11.20
Cit> + 3H' —  HgCit 14.30
cat + Cit” ~ CaCif 4.70
cat + Cit™ + H —  CaHCit 9.50
cat + Citt + 2H" — CaHCit" 12.30
cat+ OH — CaOH 1.30
ca + 20H —  Ca(OH) 0.01
ca' + SQ> — CaSqQ 2.31
SO +H' — HSO, 1.98

Model calculations

The present numerical model simulates release of citrate into the solution-filled inter-
cellular spaces of the root epidermis and cortex (= root apoplast). According to
Marschner (1995), the root apoplast represaiout 5-10% of the total root volume.
Therefore, to account for this reduced volume, where the diffusion process takes place,
the layers representing the rogpidermis/cortex had theirolume proportionally re-
duced to account for 5% of the total volume of the root segment. Because mass exchange
between two neighbouringells (layers) is calculated in the model by multiplying the
flux with the contact area between the neighbouring cells, it is necessary to reduce the
surface contact area accordingly. Along the longitudinal axis, the effect of varying the
portion of the root segment that supposedly releases citrate is studied with the model.
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This is done because of speculations inlitkeature that probably only the first few mm
of the root tip are responsible for the release of citrate in response to Al.

The radial location of citrate release in the root epidermis/cortex is also unknown.
Therefore, in the simulations the release of citrate is assumed to take place at different
radial positions (cell layers) in this regiontb& root. The rates of citrate release used in
these simulations were calibrated using values of citrate exudation measured in the ex-
periments described in Chapter 3. The mean concentration of citrate measured in the
bathing solution of the root at the enddofi of exudation was simulated assuming a con-
stant rate of release that was calibrated using the experimental data and the model. As
also shown by the experimental studies, exudation rates vary according to the Al con-
centration in solution.

It is assumed that initially neither the root apoplast nor the outside solution contain
any citrate, and that the solution in and outside root contains the same total Al concen-
tration. The exudation of citrate tdggered at time zeroft Calculations were per-
formed at a fixed pH of 4.0. The implementation of the chemical speciation model with
the transport model is done with a retermeveloped object oriented framework for
reactive transport modelling [Objects Representing CHEmical Speciation and TRAns-
port (ORCHESTRA)] (Meeussen, 2003).

Results and discussion

Al speciation in the outer root solution

Before calculating citrate release into the apoplast of epidermal and cortical root cells
and its subsequent diffusion to the outestnmedium we calculated speciation of Al in

the solution surrounding the root segment. In this calculation we took the highest citrate
concentration in the bathing solution found in the experiments of Chapter 3. A mean
concentration of 1M citrate was measured in the bathing solution at the end of a 4-h
exudation period for roots exposed todM Al. As expected, this concentration of cit-
rate was too low to complex a significant fraction of the toxit' Bpecies present. At

pH 4.0 and an Al:citrate molar ratio of 20, Al-citrate complexes accounted for less than
1% of the total Al whereas the major part of it (67%) remained as the trivalent cation
AP,

We used a citrate concentration that represented the average concentration in solution
and one might argue that it could be higher at the outer surface of the root since the so-
lution around the root remained unstiridating the exudation period. Nevertheless, we
do not expect significantly higher concentrations at the root surface, simply because the
outside medium was a pure aqueous solutiowhich ions could freely diffuse away
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from the root. Predicted concentrations of citrate at the root surface will be shown and
discussed later in this chapter.

Citrate concentration in the root apoplast

We therefore started investigating the release and accumulation of citrate in the rela-
tively small volume of the root apoplast, where citrate would presumably be most effec-
tive in detoxifying Al. But according to the calculations shown above, relatively high
concentrations of this metal chelator should be present, in this case in the apoplast, in
order to complex a major part ofAland thus confer protection to sensitive sites. To test
this hypothesis we set a citrate concentration to the apoplast that would lower the local
Al** concentration to an arbitrary value of 50% of th& Abncentration present in the
solution outside the root apoplast. The citrate concentration estimated wpMaio

rate (Al:citrate molar ratio of 0.2). This concentratafrcitrate was kept constant in the
apoplast throughout a simulated 4-h exudation period. The big concentration gradient
between the root and the outer solution cawbffdsional transport otitrate out of the

root, creating a concentration profile at the outer surface of the root and leading to large
amounts of citrate being exuded into the solutbutside the root (Figure 2A). After 4 h

of exudation the predicted amount of citréttat had left the root was about 20 times as
much as that measured in the experiments. This result indicates that by simple diffusion,
concentrations of citrate that may not be considered exceptionally high may lead to high
amounts of exudation in short time period#is predicted result therefore does not
agree with the observed one and led us to kefarcpossible explanations for this dis-
agreement. This result might be indicativatthot the whole 10-mm long root segment

(i) has similar concentrations atrate in its apoplast and/adr)(contributes evenly to the
exudation of citrate in response to Al, as it was assumed in these calculations.

On the other extreme, as presented in Figure 2B, a relatively low constant apoplastic
concentration of 10.@M citrate was calculated to be required to drive diffusion of cit-
rate to the solution that would, in 4 h, utsn amounts of citr&t release similar to that
measured experimentally. Howevsimilarly to what has been discussed before, this is
too low to complex a significant part of Alpresent in the outer solution. The citrate
concentration profile in solution predicted for such conditions is presented in Figure 2B
and it shows that the concentration of citrate at the interface root-external solution is
only slightly higher than in the bulk solution.

Constant production of citrate by romlls and constant releasgo the intercellular
spaces of the root epidermis and cortex was also evaluated in this study, in contrast to
the constant citrate concentration assurefbre. To study the build-up and develop-
ment of concentration profiles of citrate, atae rate of this metal ligand entering the
root apoplast (i.e. root caedkudation) was imposed as the drmiyiforce. In the first set of
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calculations we considered only results that correspond with measured citrate exudation
at 40uM Al. The exudation rate used was such that at the end of a simulated 4-h exuda-
tion period the total amount of citrate iretbuter root solution matched that measured in
the previous experiments. This exudation maés kept constant during the calculations
and was assumed to take place at different cell layers of the root epidermis/cortex. In
situation | citrate entered the apoplast thiea innermost layer dhe root cortex, closest

to the impermeable central cylinder. Just contrary, in situation Il all citrate entered the
system at the outermost layer of cells of the root, closest to the outer root solution. In
situation Ill, an equal amount oftrate entered every layef the root epidermis/cortex.
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Figure 2. Predicted concentration profiles of citrate in the outer root solution with a con-
stant concentration of (A) 200M and (B) 10.6uM citrate in the apoplast during a
simulated exudation period of 4 h.

Although an equal amount of citrate entered the root apoplast in these three situations
(equal total exudatiomates), a remarkable and signifitatifference in the predicted
concentration profiles of citrate in the root apoplast was observed. These concentration
profiles as well as those in the solution outdite root are presented in Figure 3. Re-
gardless of the localisation of citrate release, tlkdipted profiles developed in the outer
root solution were almost identical (Figure 3B). If we assume that citrate is continuously
released in the innermost layer of the rootexqrdiffusion of citrate to the outer cell
layers and external solution creates a steep concentration profile of citrate in the root
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apoplast (Figure 3A). Although the concentration of citrate in the whole apoplast in-
creases with time, the highest concentration is reached at the place of exudation (i.e. in-
nermost cell layer). After 4 hours the predictahcentration built-up in the innermost
layer was 155uM, a concentration that is about 13 times that reached in the outermost
root layer.
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Figure 3. Predicted concentration profiles of citrate {A)the root apoplast and (B) in

the outer root solution with exudation of citrate taking place at three distinct radial posi-
tions in the root epidermis/cortex. Exudation rate of citrate corresponding with citrate
exudation at 4@M Al for a total time period of 4 h.

Interestingly, release of citrate only at the periphery of the root (situation Il) resulted
in a rather distinct citrate status in the root apoplast. Diffusion of citrate towards the
centre of the root resulted in an initial gradient profile in the root apoplast, but because
of the small distance between the source of citrate and the impermeable central cylinder,
this gradient disappearedthin a few minutes. Contirous release of citrate into this
layer led to a rather homogeneous increase in the concentration of citrate across the cell
layers of the apoplast with time. This concentration reachgdvilafter 4 h, thus similar
to the lowest concentration reached in the root in situation |. Release of citrate by all 8
cell layers, which assumes that all cells of the root epidermis/cortex possess the mecha-
nism controlling citrate release, also ledat@oncentration profile of citrate in the root
apoplast. Apart from th outer most layer, the predictedhcentrations were intermedi-
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ate between those predicted in situations | and Il. The assessment of the radial localisa-
tion of citrate release in the root epidermis/cortex indicates that most citrate will be kept
in the root if only the innermogayer of the root cortex is responsible for its release.
Consequently, independently of the localisatid the sensitive &s, the highest protec-

tive effects are to be camfred by citrate in situation I.

Al speciation in the root apoplast

Assuming that citrate concentration profiles indeed exist in the apoplast of root epider-
mis and cortex, corresponding concentratiaofilgs of Al species will also be found in

this compartment of the root. The steepest gradients in concentrations of chemical spe-
cies are therefore to be found in the case where citrate is released by cells at the inner-
most layer of the cortex (Figure 3, situation 1). Predicted profiles of different Al species,
developed as results of such citrate exudagie presented in Figure 4. Except fot"Al

the different Al species were grouped anésented according to the Al-anion com-
plexes formed. The highest degree of*Alomplexation was predicted for the innermost

cell layer of the root where formation of AlCit and Alitspecies reduced the concen-
tration of AP* by 40%. As a result, Al and Al-citrate species accounted each for about
40% of the total Al. Lower values of &lcomplexation were predicted in the direction

of the outer root surface, where barely no Al was complexed by citrate. The speciation of
Al, as well as of the other components in the apoplast, is assumed to be in dynamic local
equilibrium. The dynamic transport process ikirgetic process that changes in time,
affecting the local speciation. With an ongoing production of citrate in the root, a con-
centration profile of citrate in the apoplast (situation | and 1ll), and a concentration gra-
dient between the apoplast and the outer solution (situations 1, Il, and III) will develop,
and will consequently drive diffusional transport of species in and out the root.

Al speciation in the root apoplast versus Al toxicity

Subsequently, speciatiaf Al in the root was studieith relation to Al toxicity to roots.
Complexation of Al at the local apoplastionditions was evaluated under a variety of
total Al concentrations in solution and citrate exudation rates, and related to observed
results of Al effects on root growth. Forighpurpose we used garimental data col-
lected with two maize genotypes [CMS36 (Al resistant) and BR106 (Al sensitive)] in
previous studies (Chapters 2 and 3). Citrate exudation rates and Al-induced root growth
inhibition measured with theda/o genotypes exposed torange of Al concentrations
were considered. Due to the different babar of the maize getypes concerning Al-
induced root growth inhibition and citrate release, we aimed at finding common values
of concentrations of free Al, that once presanallegedly sensitive sites, would lead to
similar values of root growth irbition in both gentypes. For example it could be inter-
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esting to show that the extent of the effects of Al on root growth is the same when the
activity of toxic Al species at the sensitive sites is the same for both genotypes. For this
we would need to assume that the toxic reaction that takes place in the different geno-
types causing the negative effect is the sangthat other conditions (e.g. pH, compet-

ing ions like C&") are also the same. For such analysis we considered that for such con-
ditions AP* could be used as a reference species controlling phytotoxicity and that its
effects on root growth occur at the innermost cell layer of the root cortex. The citrate
exudation rates used were adapted so that the predicted citrate released to the outer root
solution matched the experimtally measured values. Cofagation of Al was calcu-

lated at the local conditioredicted for the innermofdyer as in situation | (exudation
solely at the innermost cell layer).
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Figure 4. Predicted profiles of Al species expresasdgercentage of total Al in the inner
and outer root solutions as a result of the citrate concentration profile presented in Figure
3A (situation I). The dashed line represents the interface root-outer solution.

Initially the relative rooelongation rate as measured ina@ter 2 was plotted against
total Al concentration in solution (Figure 5A), which revealed a noticeable difference in
the sensitivity of the genotypes to Al in solution. According to the calculations shown
before, it is expected that the different rates of citrate release observed with the two
genotypes exposed to varfoeoncentrations of Al (Chagt 3) will lead to different
status of citrate in the apoplastiompartment, which may iurn significantly affect the
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local speciation of Al and its toxic potential. Results of our calculations show that this
was indeed the case. Predicted values of toxit mabiding in the apoplast of the inner-
most layer of the root cortex after 4 hafrate exudation were plotted against relative
inhibition of root elongatio measured at different degre®sAl stress with both maize
genotypes (Figure 5B, C, Din all cases there was some degree of Al complexation by
citrate, which decreased the®Ahctivity in the apoplastic &ation. Clearly, in all plots

lower values of Al", which also means higher reductions irf*Adoncentration, were
predicted for the Al resistant genotype CMS36 than for the Al sensitive BR106. Also,
calculated at three increasing values of pH, the complexation of Al by citrate has clearly
become higher at higher pH values.

Further examination of Figure 5B, C, Dveals that the values of Al-induced root
elongation inhibition start to coincide when plotted against the predicted concentrations
of AI** in the root apoplast. Intestingly, common values of &lfor similar degrees of
root inhibition hae arisen from these predictions. this respect, special attention is
given to predicted values that correspon@tout 25% reduction in the root elongation
rate. At pH 4.5, similar reductions in roetongation rate wereaused by a predicted
value of about M AI**. The shape of these curves, especially those of Figure 5C, also
suggests that a certain minimum concentration &f, Aike a threshold value, must be
present before significant negative effects on root growth are observed. Initial total Al
concentrations of up to 340M for BR106 and up to 2QM for CMS36 caused either a
small reduction or a small increase in the root elongation rate compared with roots
grown at control uM Al. The predicted values of free #lat pH 4.5 under which no
significant reductiorwas observed were belowm/. At concentrations of 3-dM free
AlI** similar root growth inhibition was observedth both genotypes, while at higher
concentrations apparently much higher toxictcurred and differences between geno-
types appeared. The disagreement observed at higher concentratiofisdyAbuggest
that the genotypes suffer distinctly from the toxic effects &t At highest concentra-
tions, with much more severe damages on the Al sensitive BR106. It is also suggested
that the protective effect of citrate might fail at high Al activity in the system, as follows
from Figure 5.

The results of the present study strongly support the notion that organic anions, and
in the particular case citrate, released by roots can alleviate the toxic effects of Al ions at
sensitive sites of the root. The complexation of Al by citrate may lead to a much lower
Al®* activity, which may explain the lowerxity. As explained inthe introduction, a
continuous release of a complex forming agent and a dynamic local equilibrium are
likely to occur in the apoplast and thus have the potential to explain at least part of the
plant’s resistance to Al. At least for thenlitions considered ithis study, detoxifica-
tion of apoplastic Al and protection tfis compartment seem more realistic and more
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important than those in the interface root-outer solution. Although the system described
here does not represent directly a soil system, where a rhizosphere can be formed and
some of the processes may operate quite diffgrent should not disregard that a ma-
jority of the plant germplasmesistant to Al has been disered in culture solution sys-

tems, where no rhizosphere is formed and detoxification taking place in the apoplast may
be playing a major role in the mechanism of resistance.
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Given our conservative approach wittspect to some assumptions made for per-
forming the calculations, we believe in an even greater potential of this mechanism.
There are important factors that might well sgrhen the role of organic anions in this
mechanism. Firstly, it is the portion of the root that is really releasing citrate. The con-
centrations of citrate predicted fibre apoplast are inversely proponal to the length of
the root segment releasing citrate. Thus, assuming that only the apical 5 mm of the root
are releasing citrate, half of the length considered in the calculations, the concentrations
reached in the whole apoplast will be doubled for the simulated time period. Secondly, in
a real soil system diffusion of citrate from the root into the soil solution will be slowed
due to the presence of a reactive porous medium. Once citrate has left the root it will
have a more tortuous and reactive pathway to diffuse through, with adsorption to the soil
particles retarding its diffusion and favougiits accumulation around the root (Geel-
hoed et al., 1999). Thirdly, we have ustability constants of Atitrate complexes (log
K values) that are among the lowest ones reported in literature. For the complex AlCit
we have used the value of 7.37 (Linds&979) whereas values of 7.98, 9.70, and 10.0
have been respectively reported by Nordstrom and May (1989), Blamey et al. (1997),
and Motekaitis and Martell (1984). This implies that significantly higher complexation
of Al by citrate may be predicted, with direct implications on the effectiveness of citrate
to suppress Al activity and toxicity.

Finally, it must be clear from this work that root exudation rates of citrate, as experi-
mentally observed, can indeed lead to haghounts of citrate in the apoplast. These cit-
rate concentrations reached can complex a significant fraction of the locally present free
Al** and account for resistance to Al in maize.
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Epilogue

This chapter summarises and discusses thermesults of the present study and sug-
gests some directions for future research at the end of each of the following sections.

Selection of maize germplasm for studies on aluminium resistance

The broad, genetically determined diffezen in the behaviour of plants of the same
species when growing undeonditions of aluminium (Al) stress may provide clues to
mechanisms of Al toxicity and resistance, and aid in plant breeding for superior Al re-
sistance (Foy, 1988). When we screened a collection of ten maize genotypes represent-
ing a range of resistance to Al, we were coned that interactions between the geno-
type and a particular rootingedium employed might lead false ratings and originate
conflicting results in genotypic differences in resistance to Al. To avoid this problem we
carried out screening experiments usinffedént rooting media. We ranked the geno-
types for Al resistance based on the results of each experiment, and considered the
rankings collectively to select genotypes of significant differential sensitivity to Al to be
used in the next studies.

The plant characteristic that best reflected the plant’s ability to cope with Al toxicity,
on a short-term basis, was either root length itself or variables calculated from measure-
ments of root length in time, i.e. root elotiga rate. Genotypic variation in root internal
concentration of citrate and malate could ewplain the differences in resistance to Al
as observed when using root length as indic&hanges in organic anion concentration
were interpreted as the result of Al-inducgtess and not as a basis for differential re-
sistance. While we should not rule out that a mechanism of internal detoxification of Al
by organic anions (Al ferance) might exist in maizé this researchresistance of the
maize genotypes to Al was better correlated with root exudation of such organic anions,
suggesting that detoxification of Al is probably taking place externally the root or in the
root apoplast (Chapter 3). Bdes, given the uneven distriian of internal organic an-
ion concentration within a single root axish@pter 4; Jones and Darrah, 1995), studies
aiming to relate the internaloncentration of these solutesth Al resistance should
analyse specific regions of the root separately instead of taking the whole root axis or
even the whole roaystem together.
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Aspects of root citrate exudation in response to Al exposure

We hypothesised that root release of organic anions constitutes a mechanism of Al re-
sistance in maize. Two previous studies with pairs of maize genotypes had found higher
rates of citrate, and to a lesser extent malate, exudation in the more Al resistant genotype
than in the less Al resistant one (Jorge and Arruda, 1997; Pellet et al., 1995). But if
maize plants are using root exudation of citrate as a mean of protecting their roots from
negative effects of Al, then genotypes with greater ability to exude citrate will be more
resistant to the effects of Al. With eight maize genotypes out of the ten studied in Chap-
ter 2 we found an exponential-like relationship between citrate exudation rate and root
elongation inhibition. While not constituting proof, these results suggested that Al-
stimulated citrate release from root apices might account for the resistance exhibited by
these genotypes. Further stidoceeded with two gengiys selected to represent the
extremes of resistance to Al [CMS36 (Al resistant) and BR106 (Al sensitive)] and ad-
dressed aspects of root citrate release in response to Al, like induction period of exuda-
tion and spatial localisation of the exudation in the root axis.

Undoubtedly a great achievement was the ability to measure the rate of organic anion
release from specific sections of the root for short time periods (4 h). Root exudates were
collected from seedlings growing free framcroorganisms and for short periods soon
after the exudation of organic anions had bieeluced to higher ras. Dividing intact
roots spatially in short segmis allowed not only a qualitaBvevaluation of sites of or-
ganic anion exudation but also a quantification of the fluxes of such organic molecules
along the main root axis. This experimental set-up allowed us to determine accurately
the exudation of organic anions during aiqe that root growth was minimum and re-
absorption of exuded organic anions bg thots can be neglect (Jones and Darrah,
1995).

There is no information on the radial localisation of organic anion release in the root.
It was recently reported that Iotortical and stellar roatells have the potential to re-
lease citrate in the presence of Al (Pifieros et al., 2002). However, the real contribution
of these cells to the exuded organicoandobserved in experiments remains obscure. As-
sessment of the radial localisation of organic anion release as well as of the Al sensitive
sites in the root will certainly increase ourderstanding of the mechanistic basis of the
processes involved as it was atscussed in Chapter 7.

Quantitative assessment of the role of citrate in protecting the root apex

The results of Chapter 3 automatically raised the question whether the measured rates of
citrate and malate release by roots can leadhtounts that are enough to complex a sig-
nificant fraction of thephytotoxic monomeric Al loally present in the root apoplast
and/or rhizosphere. We tackled this questiy combining experimental and modelling
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work. The use of a mechanistic modeldscribe part of the processes studied experi-
mentally allowed us to summarise our current knowledge about the processes involved
and to discuss the factors that may be crucial in determining the effectiveness of such a
mechanism of resistance to All{&pter 7). The results stroggdupported the notion that
citrate can indeed underlie Al resistance in maize. A careful extrapolation of how the
processes might work in soil systeis presented in the next section.

An important factor that certainly deservesrenattention is the pH of the root apo-
plast of plants growing in the presence of Al. Measurement of the apoplastic pH of the
root cortex, for instance with the use of pH-sensitive electrodes (Felle, 1998), might well
provide insight into this important factor directly controlling Al activity in solution and
influencing the complexation of Al by ganic anions [i.e. pH-dependent complexation
(Motekaitis and Martell, 1984)]. In our model calculations the pH was assumed not to
change as a result of citrate exudation, which may be untrue in reality. Therefore simu-
lations allowing the pH to vary as a resulteaiudation of fully protonated or fully disso-
ciated citrate and confrontation of the results with experimental data are recommended.

The potential of citrate released by roots in soil systems

The behaviour of citrate, and other organic agjan a soil system may differ quite sig-
nificantly from that in a hydroponics systein the volume of soil that is influenced by

the root (i.e. rhizosphere) a complex of factors may affect the processes controlling the
dynamics of citrate. Because these small organic compounds are readily used by soil
microorganisms, their quick decomposition ie thizosphere, a zone of high microbial
activity, may become rather important in thé.96ontrary to tle relatively rapid diffu-

sion of citrate in pure aqueous solution, ufbn of citrate from the root into the soil
solution will be slowed deito the presence of theilgoarticles. Once citrate has left the

root it will have a tortuous and reactive pathway to diffuse through, with adsorption to
the soil particles retarding its diffusion afavouring its accumulan around the root
(Geelhoed et al., 1999). Adsorption of thesganic compounds to the soil particles was
also shown to slow down their degradation by soil microorganisms (Jones and Edwards,
1998). Adsorption and protection of these compounds from biodegradation in this zone
of high microbial activity was found to @ong their persistence and to enhance their
effectiveness in soils (Geelhoed et al., 1999; Jones et al., 1996b).

The relatively slow diffusion in soil will apparently contribute to increase the accu-
mulation and persistence of citrate in the root apoplast, once all the citrate released in
this compartment will encounter resistance to leave the root and move through the soil.
As predicted with our model aallations in Chapter 7, higher concentrations of citrate
will confer an even higher protection to the roots against toxic Al species.
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From reducing the excess supply of Al and heavy metals (Mench et al., 1988;
Suthipradit et al., 1990; van Hees et al., 2001) to the opposite extreme of enhancing nu-
trient availability in soil [e.g. mobilisationf phosphorus (P) and iron (Fe) from poorly
soluble sources (Geelhoed et al., 1999; Gerke et al., 1994; Hoffland, 1992; Jones et al.,
1996a)], a wide range of functions has besaribed to organic anions in the rhizos-
phere. Currently, most of these hypothesigertesses appear to be Waial to plants.

With respect to Al and Fe the dualistic role of organic anions has in common the forma-
tion of a chelate. The presumable positive effect of organic anion with Al is because the
metal complex formed is no longer available to the plant, whereas with Fe, the formation
of Fe-complexes enhances e mobility in the soil, making more available to plant

roots (Jones et al., 1996a). Apparently contradicting, the difference lies on the type of
interaction of these complexes with th@ot. Dicots and non-grass monocots use a
plasma membrane-bound reductase to first redutiecBetained in chelate complexes to
Fé&*, before root cells can absorb it. Thisspbmenon, however, do@ot seem to occur

with Al chelates, which stay in this less reactive form.

Integration of the processes mentioned. (@ ption, complexation, and microbial
degradation) with fluxes of elements occurring simultaneously in the rhizosphere seems
highly necessary to a better understandinghefbehaviour of organic anions in soils.
This sort of integration has been achievedtirdies combining experimental and mod-
elling work (Geelhoed et al., 1999; Jones et al., 1996a) and has proved very useful in
unravelling the real potential of these mechasisnvolving organicanions in soil sys-
tems.

Aluminium effects on nutrient uptake and release of citrate by roots

The assessment of the spatial localisation of nutrient uptake on the root axis revealed that
Al is affecting nutrient uptake widely along the longitudinal axis of the root. When this
pattern of Al-induced inhibition of nutrient uptake was compared with the pattern of
citrate exudation along identical root axes of the Al resistant genotype CMS36, assessed
in Chapter 3, we noted that, interestingly, they do not match. Actually they were quite
distinct from each other since the highest rates of citrate exudation were observed in root
regions where uptake of calcium and magmasivere the lowest. Based on these find-
ings it is, in principle, suggested that local citrate exudation is not directly involved in
making plants more resistant to Al by maintag nutrient uptake, but more by detoxi-
fying Al around the root meristems, the shsensitive part for roggrowth. In plants

grown in soil systems, however, the internaggliroot segment, i.e. the zone with almost

no citrate exudation, may benefit from the citrate exuded by the root apex and left in the
soil. This citrate can probably protect the intermediate root zone against Al when fol-
lowing the apex through a citrate-enriched environment. Maintaining the uptake of nutri-
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ents on a higher rate is probably a secondary and additional effect of root citrate exuda-
tion to make plants nme resistant to Al.

Aluminium effects on the root citrate dynamics
Although the exudation of citrate by roots exposed to Al has been well characterised, the
corresponding Al-induced changes in citrate production and in the citrate status of the
root have not yet been comprehensively studiediould be interesting to investigate
firstly how Al is affecting the enzymatic machinery of root cells concerning the organic
anion metabolism. Also, what changes ia #ynthesis of organic anions, and in the ac-
tivities of key enzymes lik citrate synthase, malate gidingenase, and phosyEmolpy-
ruvate carboxylase are necessary to meet the demand for root citrate exudation.
Secondly, aspects of altered organic ami@iabolism and their dynamics within the
plant induced by Al stress could be studigdr instance it was demonstrated with plants
of oilseed rape suffering from P deficiency, that citrate produced in the shoot was trans-
ported via the phloem towards the root where it was accumulated in the root region re-
sponsible for exudation (Hoffland et al992). Thus, the dynamics of citrate (e.g. pro-
duction, consumption, transf, storage) at the platgvel might be approached.
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Summary

Inhibition of root elongation, considered the primary or initial response of the plant to
aluminium (Al) toxicity may have severemsequences to the overall plant performance,
resulting finally in restrictedr®ot growth, reduced yield of crop plants, and lower qual-
ity of the final agricultural prduct (Rengel, 1992a).dBsiderable variation in resistance

to Al exists among plant species and ggpes, and efforts to select and breed maize
(Zea mays L.) germplasm with superior resasice to Al have been made worldwide.
Determination of plant genetic, physiologi, and biochemicamnechanisms by which
plants resist to Al stress is therefore important part of the proposed plant breeding
approach. Root exudation of small organic anions such as citrate, malate, and oxalate
that can complex Al in the root apoplastd/or rhizosphere has been mentioned as a
possible mechanism underlyig resistance of certain @ht species or cultivars. The
general aim of this research was thereforsttioly the root exudation of these small lig-
ands as a potential mechanism of Al resistance operating in maize.

Initially (Chapter 2) we studied genotypicriaion for Al resistance in maize with a
collection of ten maize gengies obtained from the National Maize and Sorghum Re-
search Centre (CNPMS), EMBRAPA, Brazil, using three different screening techniques.
We aimed to rank the genotypes on Al resistance and to select the ones showing signifi-
cantly different sensitivity téAl for further research on the root exudation of organic
anions in response to Al. We also evaluated several plant characteristics that might on a
short-term basis, indicate the general plant resistance to Al. Resistance to Al varied
widely among the ten maize genotypes, as redelay the different screening techniques
used. The best indicators of differential Al resistance were root characteristics, especially
root length. Internal root concentrationsaitrate and malate, however, did not reflect
plant resistance to Al. Two genpes [CMS36 (Al resistangnd BR106 (Al sensitive)],
representing the extremes of Al sensitivity within the collection that was available to us,
were selected for further studies.

In a succeeding study (Chapter 3) qualitative and quantitative aspects of root exuda-
tion of organic anions in response toeéXposure were evaluated. Roots of maize seed-
lings were grown axenically in nutrient solution and root exudates were collected along
the whole seminal root axier short time periods (4 h) using a divided-root-chamber
technique. In root exudates collected from 10-mm long root apices, citrate accounted for
67% of the total organic anions faljrfollowed by malate (29%}rans-aconitate (3%),
fumarate (<1%), andis-aconitate (1%). Rates of citrate exudation from root apices of
the two above-mentioned genotypes exposedremge of external Al concentrations (0O—



100 uM Al) were consistently higher in th&l resistant maizeggenotype CMS36. Fur-
thermore, relative Al resistance of eightize genotypes correlated significantly well
with their citrate exudation rate measured api#0Al. Higher exudation rates were ac-
companied by a less inhibitedot elongation. The exudati of citrate along the longi-
tudinal axis of fully developed seminalats showed a particular pattern: citrate was
exuded mainly in the regions of root apices, either belonging to the main root or to the
lateral roots in the most basal part of theimm@ot. Qualitatively weconcluded that
protection of the root by citrate seems more conceivable in the places of high exudation
rates. In the root zones behind the apex, either citrate exudation rate is high enough to
protect this less Al sensitive root regior this zone with almost no citrate exudation
may benefit from the citrate exuded before by the root apex. This citrate can probably
protect the intermediate root zone against Al when following the apex through a citrate-
enriched soil environment. A more quantitative approach was made in Chapter 7 (see
later in this Summary).

In Chapter 4 we sought the literature about the effects of Al on processes involved in
the status of citrate in plant roots, specifically biosynthesis, transport, accumulation, and
exudation. In addition, we tested experimentally some of the theories described in lit-
erature by studying the effects of external Al on the internal root citrate status and asso-
ciated root citrate exudation rates along intact root axes of the Al resistant CMS36. Ex-
ternal Al led to enhanced internaiat citrate concentrations. Sitteneously, Al in-
creased the citrate permeability of root cells, big thange in permeability seemed re-
stricted to the root apices. Consequently, root apices of the Al resistant maize genotype
showed enhanced rates of citrate exudation under conditions of Al stress. This exudation
followed a particular pattern along the rootsawith a well defined longitudinal distri-
bution, and when compared to the correspandiistribution of intenal citrate concen-
tration, indicated that the concentration of citrate itself is not the driving force for citrate
exudation from roots. It is ggested that dynaes of processes involved in citrate pro-
duction, transport, and exudation operate tiffidly along the longitudinal axis of the
root and the pattern of citrate accumulation within Al-treated roots observed at the end of
the Al treatment period reflected the net result of a combination of these processes.

The effects of Al on nutrient uptake were also considered in this research (Chapters 5
and 6). In a first experiment f@pter 5) we studied the effects of Al on nutrient uptake
of maize genotypes differing in Al resistance and checked whether differences in mineral
nutrition under Al stress correspond witifferences in resistange Al in maize. Gener-
ally, Al had negative effeston the uptake of macro and micronutrients. The relative
uptake [(uptake at 10@M Al/uptake at OQuM Al)x100] of the nutrients studied varied
from 22% to 157%, indicating the existencerdgfaspecific variation for such feature in
the presence of Al. Despite showing significant reductions in uptake of calcium (Ca) and
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magnesium (Mg), the maize genotypes showedther variable sensitivity to the Al
stress imposed, which was related to their general resistance to Al previously assessed
using root length as indicator. Under cdiudis of Al stress, gergpes more resistant to
Al maintained a relatively higher absorption of both Ca and Mg than those more sensi-
tive to Al. It was suggested that the ability of a genotype to maintain a less disturbed
nutrient uptake undekl stress can be an importantngponent in resistance to Al. Sub-
sequently short-term experiments were established (Chapter 6) to study the direct effects
of Al on nutrient uptake, once in the previous study the direct, or primary, effects of Al
on nutrient uptake could not be separdtech the indirect, or secondary, effects on root
and shoot growth, affecting plant's uptake capacity (root) and plant’'s nutrient require-
ment (shoot) due to ¢relatively long period of exposure to Al.

With CMS36 and BR106 uptake of Ca, Mmd K was studied by complete seminal
roots and along the whole axis of intact seahroots of seedlings grown with or without
Al. Exposure to Al reduced total uptake@& and Mg, but not that of K, which was ac-
tually stimulated by Al. Tha@egative effects of Al on Ca and Mg uptake were more pro-
nounced in the Al sensitive genotype. The assessment of the spatial localisation of nutri-
ent uptake on the root axis revealed thatsAdffecting nutrient uptake widely along the
longitudinal axis of the root. When this patt of Al-induced inhibition of nutrient up-
take was compared with the pattern of citrate exudation along identical root axes of the
Al resistant genotype CMS36, assessed in Chapter 3, we noted that, interestingly, they
do not match. Actually they were quite distinct from each other since the highest rates of
citrate exudation were observed in root regions where uptake of Ca and Mg were the
lowest. We concluded that citrate is prolyaptimarily involved in making plants resis-
tant to Al by detoxifying Alaround the root meristems,etimost Al sensitive part for
root growth. Local citrate exudation doest seem to be directly involved in nutrient
uptake, because the segment with the highest citrate exudation (the apex) shows almost
no nutrient uptake, while the root zonéthwthe highest nutrient uptake shows almost
zero citrate exudation. However, with plants grown in soil systems the intermediate root
segment, i.e. the zone with almost no citrate exudation, may benefit from the citrate ex-
uded before by the root apex. This citrate peobably protect the intermediate root zone
against Al when following the apex through a citrate-enriched soil environment. This
could explain the positive role of citrate, exuded by the apex, in nutrient uptake by
‘older’ root parts grown in acid soils. Maintaining the uptake of nutrients on a higher
rate, is probably a secondary and additional effect of root citrate exudation to make
plants more resistant to Al.

In Chapter 7 a quantitativanalysis on the role of orgaranions in the mechanism of
Al resistance was done. The question whetiuamtitatively the amounts of these small
ligands released in the root environment are adequate to explain resistance to Al was
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tackled by combining experimental andaelling work. We hypthesised that resis-
tance to Al is achieved via modification of the apoplastic environment to effectively
protect cell wall and cell membrane function from toxic Al. We used a mechanistic
model to describe the dynamic build-up ofaiiér concentrations in the root apoplast and
citrate diffusion to the outer root mediuand confronted the final outcome of the cal-
culations with observed experintal data. The potential amounts of exuded citrate to
complex Al under local conditions was predicted with a detailed chemical speciation
model. The model calculations suggest that Al activity in the apoplastic compartment
can only be kept lower than in the (soiljwmn in a dynamicsystem, where a continu-

ous efflux of a complex forming agent mayist. The results strongly support the notion
that citrate indeed can underlie Al resistance in maize. For the conditions considered in
this study, detoxification cdpoplastic Al and protection of this compartment seem more
realistic and more important than thosethe interface root-outer solution. A careful
extrapolation of how the processes might wiorlsoil systems indicated an even higher
potential of this mechanism of protection 0bt® against Al in dts. Important factors

that might well strengthen the radé organic anios are discussed.
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Samenvatting

Remming van de toename in wortellengteelal beschouwd als de primaire of initiéle
respons van de plant op aluminium (Al) vétiging kan ernstige gevolgen hebben voor

het algeheel functioneren van de plant @rindelijk resulteren in beperkte spruitont-
wikkeling, verminderde opbrengst bijltwurgewassen, en een afname van de kwaliteit
van het eindproduct bij landbouwgewassear(@el, 1992a). Er bestaat een aanzienlijke
variatie in tolerantie tegen Al tusseraptensoorten en tussen rassen en over de hele we-
reld worden door veredelaars pogingen ondernomen om mais ‘germplasm’ te selecteren
met een verhoogde tolerantie tegen Al. #Aatlen van genetische, fysiologische en bio-
chemische mechanismen die de plant meer tolerant maken tegen een overmaat aan Al is
daarnaast een belangrijke onderdeel varvéetdelingsonderzoeklitscheiding door de

wortel van kleine organische anionen, zoals citraat, malaat en oxalaat, die Al kunnen
complexeren in de wortel aplagt en/of rhizosfeer zijn genoemd als een mogelijk me-
chanisme dat ten grondslag ligt aan deoMrantie van bepaalde plantensoorten of ras-
sen. Het algemeen doel van dit onderzoekde@som om de uitscheiding van dergelijke
kleine liganden door de wortel te bestuderen als een mogelijke mechanisme van Al tole-
rantie bij maisZea maysL.).

Allereerst (Hoofdstuk 2pestudeerden we door middelnvaen drietal selectietech-
nieken verschillen in Atolerantie tussen mais rggtypen bij een verzameling van tien
maisrassen afkomstig van het Nationadhis en Sorghum Onderzoek Centrum
(CNPMS), EMBRAPA, Brazilié. Het doel varitcbnderzoek was tweeledig. Allereerst
werden de rassen onderling gerangschikt op basidwun tolerantie tegen Al en vervol-
gens werden de rassen die onderling sigaifi verschilden in hun Al gevoeligheid ge-
selecteerd voor vervolgonderzoek naar llearmogen om organische anionen uit schei-
den na blootstelling aan Al. We onderzoch&yeneens diverse karakteristieken van de
plant die bij kortdurende bltstelling aan Al geschiktendlicatoren voor Al tolerantie
zouden kunnen zijn. De drie gebruikte selgetibnieken toonden aan dat tolerantie te-
gen Al sterk verschilde tussen de tien rasserb&ste indicatoren voor verschillen in Al
tolerantie waren wortel karakteristieken, irt bgzonder wortellengte. Gehalten aan ci-
traat en malaat in de worteleken niet de mate van Adlerantie van de plant te weer-
spiegelen. De rassen CMS36 (Al tolerant)B#106 (Al gevoelig) waren de twee meest
extreme rassen binnen de verzameling van tien onderzochte rassen. Deze twee rassen
werden geselecteerd voor verdere studies.

In de volgende studie (Hoofstuk 3) werden kwalitatieve en kwantitatieve aspecten
van de uitscheiding van organischeaa@in als gevolg van blootstelling aan Al bes-



tudeerd. Wortels van mais zaailingen werd#ereerst in een voedingsoplossing steriel
gekweekt. Vervolgens werd gedurende 4 dnor middel van een zogenaamde ‘geschei-
den-wortelkamer techniek’ de uitscheidimgn organische anionen langs de gehele, in-
tacte hoofdwortel gemeten. Dit gebeurde met deze techniek per 10-mm wortelsegment,
vanaf de wortelpunt tot het meest basale (oudste) deel van de wortel. Van alle organische
anionen uitgescheiden door het jongsteniti-wortelsegment bestor&¥% uit citraat,
gevolgd door malaat (29%), trans-aconitaat (3%), fumatdés), en cis-aconitaat (1%).

De snelheid waarmee citraat werd uitgescheiden door het jongste wortelsegment was bij
het Al tolerante ras CM$3aanzienlijk hoger dan bij BR106. Dit gold voor een breed
traject aan externe Al concerttes in het wortelmedium (0-1Q8M Al). Verder bleek

de mate van Al tolerantie van de maisrassignificant gecorreleerd te zijn met de snel-
heid van citraatuitscheidingjbéen Al concentratie van 40M. Hogere snelheden van
citraat uitscheidingen gingen samaret een minder sterke remming van de worte-
lontwikkeling. De verdeling van de citragiischeiding door de wortel, gemeten langs de
longitudinale as van de volledig ontwidkle hoofdwortel, vertoonde een opvallend pa-
troon; citraat werd voornamelijk uitgescheiden door de worteltoppen, 6f behorend tot de
hoofdwortel, 6f tot de laterale wortel@orkomend in de meest basale delen van de
wortel. Op kwalitatieve gronde werd door ons geconcludeerd dat bescherming van de
wortel door citraat meer aaemelijk lijkt voor delen van de wortel met een hoge snel-
heid aan citraatuitscheiding, de worteltoppende wortelzones achter de top is 6f de
citraatuitscheiding voldoende om dezendgr Al-gevoelige delen van de wortel tegen

Al toxiciteit te beschermen, 6f deze worimhes met nagenoeg geen citraatuitscheiding
kunnen profiteren van citraat eerder aggheiden door de worteltop. Dit citraat kan
wellicht die delen van de wortel beschermen doordat ze de worteltop volgen door een
met citraat verrijkt bodemcompartimefien meer kwantitatieve benadering omtrent de
potentie van het uitgescheiden citraat Aihte kunnen detoxificeren volgt in Hoofdstuk

7 (zie ook later in deze Samenvatting).

In Hoofdstuk 4 werd een literatuurstudie beschreven naar de effecten die Al heeft op
het voorkomen van citraat in plantenwastein het bijzonder productie, transport,
ophoping en uitscheiding. Daarnaast werden enkele theorieén experimenteel getoetst. Zo
werd bij het Al-tolerante ras CMS36 heffect van de aanwegtieid van Al in het
wortelmedium getoetst op het verloop Ja&t gehalte aan citraat in de wortel langs de
intacte hoofdwortel in samenhang met deale uitscheiding van dit organisch anion
door de diverse wortelregionen. De aangbeid van Al leidde tot verhoogde gehalten
aan citraat in de wortel. Tegelijkertijd m@ogde Al de permeabiliteit van wortelcellen
voor citraat, maar deze verandering in permeabiliteit leek zich te beperken tot de
worteltoppen. Als gevolg hiervan verto@mdde worteltoppen van het Al-tolerante ras
verhoogde uitscheiding van citraat na blootstelling aan Al. De citaatuitscheiding zoals
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die werd gemeten langs de intacte hoofdwortel vertoonde een bijzonder en vast patroon.
Een vergelijk met de verdeling van het citrilatle wortel toonde aan dat de citraat con-
centratie in de wortel zeker niet ddj\dende kracht kan zijn voor de snelheid waarmee
citraat wordt uitgescheiden door de nfed. Aangenomen wordt dat de dynamiek van
processen die betrokken zijn bij producti@nsport en uitscheiding van citraat varieert
langs de longitudinale as van de hoofdwloi®e verdeling van de citraatophoping bin-

nen de wortels van aan Alootgestelde planten weerspidgeiteindelijk het netto re-
sultaat van een combinatie van eerdergenoemde processen.

De effecten van Al op de nutriéntenopreamerden eveneens bestudeerd in dit on-
derzoek (Hoofdstukken 5 en 6). Innegerste onderzoek (Hoofdstuk 5) werden de effec-
ten van Al bestudeerd op de nutriémtpname van maisrassen welke verschilden in Al
tolerantie en werd getoetst of versdhillin minerale voeding onder omstandigheden van
Al stress correspondeerden met verschillen irrdokée tegen Al bij mais. In het alge-
meen had Al negatieve effecten op de opnaarezowel macro- almicronutriénten. De
relatieve opname [(opname bij 1AM Al/opname bij OuM Al)x100] van de nutriénten
die bestudeerd werden varieerde van 22% tot 157%, hetgeen wijst op de specifieke rol
van Al op de opname van afzonderlijketniénten. Ondanks de significante afname in
opname van calcium (Ca) en magnesiung)Mertoonden de maisrassen een nogal grote
variatie in gevoeligheid voor Al, gebaseem hun verschil in wortelontwikkeling onder
omstandigheden van Al stress, zoals eerder gemietoofdstuk 2). Bij blootstelling aan
Al handhaafden de meer Al-tolerantassan een hogere relatieve opname aan zowel Ca
en Mg dan de gevoeligere rassen. Er werd dan ook gesuggereerd dat het vermogen van
een ras om onder omstandigheden van Al sttessfname in nutriéntenopname te kun-
nen beperken een belangrijk onderdeel kan zijn van tolerantie tegen Al.

Vervolgens werden kortdurende experimenten uitgevoerd (Hoofdstuk 6) om de di-
recte invioed van Al op de nutriéntenopmate bestuderen. Dit werd gedaan omdat in de
voorafgaande studie de directe of primaire effecten van Al op de nutriéntenopname niet
ontkoppeld konden worden van indirecte of secondaire effecten, effecten op wortel- en
spruitgroei die op hun beurt de opnamecapaciteit (wortel) en behoefte aan nutriénten
(spruit) beinvloeden als gevolg vda relatief lange blootstellingduur aan Al.

Met CMS36 en BR106 werd de opnaaen Ca, Mg en K bestudeerd bij complete
hoofdwortels evenals het ogmepatroon langs de gehele van intacte hoofdwortels
van zaailingen gekweekt in de aan- enefigheid van Al. Blotstelling aan Al ver-
minderde de totale opname aan Ca en Mg, maar niet die aan K, die zelfs toenam na Al
blootstelling. De negatieve effecten vanoll de opname van Ca en Mg waren sterker in
het Al gevoelige dan in de Al-tolerantesrdepaling van de ruimtelijke verdeling van de
nutriéntenopname langs de hoofdwortel ®aan dat Al de nutriéntenopname over een
breed traject van de wortelas beinvlioedin Eergelijk van het patroon van remming in
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nutriéntenopname als gevolg van Al toedignimet het patroon van citraatuitscheiding,
beiden gemeten langs de verticale as varhdefdwortel van het Al-tolerante ras
CMS36, vermeld in Hoofdstuk 3, leverde i¢eressante constatering op dat beide pa-
tronen niet samenvallen. In werkelijkheid verschilden ze onderling nogal omdat de
hoogste snelheden aan citraatuitscheidingen werden waargenomen in die wortelregionen
waar de opname aan Ca en Mg juist het laagst was. Door ons werd dan ook gecon-
cludeerd dat de primaire rol waitraat in Al tolerantienechanismen bij planten werkt

via het ontgiftigen van Al rond de wetteristemen, het meeAt-gevoelige deel van de
wortel wat groei betreft. Locale uitscheidi van citraat schijnt niet direct betrokken te

zijn bij de nutriéntenopname, omdat hetortelsegment met de hoogste citra-
atuitscheiding (de top) nagenoeg geen amnae zien geeft, terwijl bij de wortelzone

met de hoogste nutriéntenopname de citiitstheiding nagenoeg ontbreekt. Echter, met
planten geteeld op grond kan wellicht l@ermediaire worteldeel, i.e. de wortelzone
met nagenoeg geen citraatuitscheiding, ipg#n van het citraat dat eerder door het
wortelpunt is uitgescheiden. Dit citraatkanogelijk het intermediaire deel van de wortel
beschermen, wanneer het de worteltop volgt door grond die eerder met citraat verrijkt is.
Dit zou de positieve rol van citraat, uitgescheiden door het wortelpunt, kunnen verklaren
met betrekking de nutriéntenopname dtmrdere’ worteldelen groeiend in zure gron-
den. Handhaving van de nutriéntenopnaspeeen hoger niveau is waarschijnlijk een
secondair en additioneel effect van citraatuitscheiding om planten meer tolerant te
maken tegen Al.

In Hoofdstuk 7 is een kwantitatieve analyse van de betekenis van organische anionen
in het mechanisme van Al tolerantie gepréserd. De vraag of de hoeveelheden van
deze kleine liganden die in de wortelomgeving worden uitgescheiden kwantitatief voldo-
ende zijn om de tolerantie tegen Al verklaren werd aangepakt door experimenteel
werk te combineren met modellering. Uitgamgst hierbij was ddwypothese dat toler-
antie tegen Al is verkregen via modifiavan het apoplasma door effectief de functies
van celwanden en celmembranen te beschetegen toxisch Al. We gebruikten daarbij
een mechanistisch model om de dyrsohe opbouw van citraabcentraties in het
wortelapoplasma en de citragiffusie naar het buitenmedium van de wortel (rhizosfeer)
te beschrijven. Vervolgens werden dé&aomsten van de berekeningen vergeleken met
waarnemingen uit experimentedet vermogen van de hoeveelheid door de plant uit-
gescheiden citraat om Al onder de lecamstandigheden te complexeren is voorspeld
met een gedetailleerd chemisch speciatiemdkeimodelberekeningen geven aan dat de
Al activiteit in het apoplasma alleen lager kan zijn dan in bodem- of voedingoplossing
wanneer sprake is van een dynamisch systeem met en continue efflux van een complex-
vormende agens. De resultaten ondersteurenk et idee dat citraat inderdaad ten
grondslag kan liggen aan de tolerantie tegen Al bij mais. Voor de condities waarvan is
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Samenvatting

uitgegaan in deze studie schijnen ontgiftiging van Al in het apoplasma en bescherming
van dit cel compartiment realistischer en belangrijker dan effecten op het grensviak
wortel-buitenmedium. Een vazichtige extrapolatie hede processen zouden kunnen
werken in bodem systemen duiden zelfs op een betere werking van dit mechanisme om
wortels te beschermen tegen Al in zure bosleBelangrijke factoren die de rol van or-
ganische anionen zouden kunnersterken worden bediscussieerd.
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