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Abstract — Stomatal function and photosynthesis were investigated in beech seedlings submitted to excess Al, or/and to a deficiency
in Ca and Mg. Excess Al in the nutrient solution promoted a decrease of Ca and Mg leaf contents, while K was increaskd. Stomata
responses to darkness, ABA and ambient, @ained normal. In contrast, steady-state stomatal conductance in light was signifi-
cantly smaller and correlated to a lower accumulation of K in the guard cells. Similar stomatal responses were obsenvied for Ca-
deficient plants. In response to combined Al stress and low Ca and Mg nutrition, stomata remained almost insensitiferenthe dif
stimuli. The constancy in K guard cell concentration revealed a disturbance in K fluxes. Loyass@ilation rates and chloro-

phyll contents, on a leaf area basis, were recorded in response to all treatments. In conclusion, excess Al associaehtbNayv C
nutrition lead to a strong stomatal dysfonction and reduced photosynthesis of beech seedlings.

aluminium / mineral deficiencies / stomata / photosynthesisHagus sylvatica

Résumé— Conséquences d'un exces d'Al et d'une carence en Ca et Mg sur le fonctionnement stomatique et I'assimilation

nette de carbone de jeunes hétre€ette étude présente les effets de I'aluminium, d'une double carence en Ca et Mg ou de la combi-
naison de ces deux traitements sur le fonctionnement stomatique et la photosynthése de jeunes hétres. Le stress alowoinique a pr
qué une carence en Ca et Mg, et une accumulation de K dans les feuilles. La réponse des stomates a l'obscurité, 'ABA et au CC
n'était pas perturbée. Par contre, les conductances stomatiques a la lumiere étaient réduites et corrélées a une aativautaion r

K dans les cellules stomatiques plus faible. Les plants carencés en Ca et Mg présentaient des réponses stomatiquesacomparable:
celles observées pour le traitement Al. Les plantes soumises a un stress aluminique et une carence calcico magnésiemhe présenta
une perte importante de sensibilité des stomates aux différents stimuli, associée & un dysfonctionnement des flux dedtiodne réd

de la photosynthese et des teneurs en chlorophylles, par unité de surface, fut enregistrée pour chaque traitement.

En conclusion, un excés d'aluminium associé a une nutrition minérale pauvre en Ca et Mg provoque un dysfonctionnement important
des complexes stomatiques et une réduction de la photosynthese.

aluminium / carences minérales / stomate / photosynthesgadgus sylvatica
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Abbreviation

ABA, abscisic acid,;
Chl, chlorophyll;
A, net CQ assimilation rateymol nr? s'2);

g, Stomatal conductance to water vapour
(mmol n2 s1);

¢, G, CQ, mole fractions in the air and
in the sub-stomatal spacesy(ol mof?);
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osmotic build-up required for stomatal opening, cytoso-
lic free calcium serves in the signal transduction pathway
linking the variations of environmental conditions to
stomatal movements [19, 26, 28 and 40]. Schnabl and
Ziegler [33] found that 1 mM At inhibits stomatal
opening in illuminated epidermal strips \dicia faba by
preventing K accumulation and starch mobilization in
the guard cells. Ridolfi et al. [30] reported a lack of
stomatal response to darkness, and a reduced ABA-
induced stomatal closure in Ca-deficient plant¥/igia

faba In a tree specieQuercus robuy, a calcium defi-
cieny did not affect the stomatal reactivity to darkness
and ABA supply; but the light stomatal opening was sig-
nificantly reduced and accompanied by a lower net car-
bon assimilation [31].

Based upon these considerations, our objective was to
i) analyse the effects of Al on stomatal function and pho-

) . . ) tosynthesis of the European beech, and ii) to estimate the
The role of nutrient imbalance in the worsening of (5| of Al-induced nutrient imbalance in potential stom-
tree health has been established in the Ardennes forestgiq disorders. Therefore, beech seedlings were submit-
[47]. These ecosystems are characterized by acid browReq tg excess Al, to reduced Ca and Mg nutrition, or to
soil with a low base cation status [23]. Furtermore, they compined treatments. The concentrations of Al, Ca, Mg
may be subjected to acidifying substances and as a conanq K in the leaf cells were measured by X-ray micro-
sequence to increased free aluminium in the soil solu-3pn4)ysis. We assessed potential disorders in stomatal

tion. Excess Al" is well known to affect tree vitality.  reaciivity to different stimuli: i.e. darkness, light, exoge-
The initial symptom of Al toxicity is the inhibition of  h5,s ABA and CQmole fraction in the air. We also
root elongation, which has been proposed to be causednecked K concentrations in the guard cells of closed
by a number of different mechanisms, including Al inter- 54 open stomata. Photosynthesis was estimated by

actions within the cell wall, the plasma membrane or the getermining chlorophyll concentrations in the leaves and
symplast [for a review see 20]. At shoot level, leaf gt CQ assimilation rates.

necrosis as a visible symptom of Al stress, was found to
be accompanied by decreasing chlorophyll concentra-
tions and photosynthetic rates fricea abieq32].
Moreover, Al has generally been found to decrease tran-
spiration rates. This was attributed to reduced absorbing 2.1. Plant growth

surfaces [37], root-water permeability [48], or stomatal

aperture [15, 33]. In contrast, Schlegel and Godbold [32] Beech seedlings were bred at the Center of Forest
observed enhanced transpiration rates of spruce needleResearch, Section Ecopedology, Faculty of Agronomy
due to Al. The impact of Al on plant water balance (Gembloux, Belgium).

appears to be complex, and therefore requires further geecn-nuts (origin: Bertrix Forest, Ardennes,

Investigations. Belgium) stored at —20 °C and at 9% relative humidity

Although the mechanism of Al toxicity has not yet [45], were germinated in the laboratory during March
been completely established, it may be the result of both1992. After germination, seedlings were grown outside
primary and secondary effects of Al. Several investiga- under a glass roofed shelter, in semi-hydroponic culture
tions have shown that many tree species respond to Abystems. Pots were filled with calibrated alluvial, acid
exposure with changed mineral uptake [2, 6, 11, 41, 42 washed coarse sand (0.4 — 0.8 mm). They were equipped
43]. An Al-induced reduction in Ca, Mg and P concen- with a device allowing drainage and control of the water
trations was reported in roots and shoots of Europearievel. Each pot contained 6 plants and was irrigated two
beech [5, 6, 39]. In contrast, K amounts in leaf tissuesto three times a week. Three times during plant growth,
were found to increase with increasing Al concentration the substrate was washed with distilled water before
in the rhizosphere [3, 6]. It is well established that miner- adding the nutrient solution. Plants were kept under opti-
al ions play a key role in stomatal function, which con- mal conditions until end of May, and then subjected to
trol both leaf transpiration and carbon assimilation. Al stress, to a deficiency in Ca and Mg or to combined
While potassium is the main cation involved in the treatments.

PPFD, photosynthetic photon flux density
(umol n2 s1);

SD, standard deviation.

1. INTRODUCTION

2. MATERIALS AND METHODS
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The solution for control plants was as follows (pH, |eaf disks (3 crfy from eight different plants) per treat-
4.5): HBO;, 0.461uM; MnCl,, 0.015uM; ZnSQ, ment in 5 cM of dimethyl-sulphoxide (DMSO) for

(7H,0), 0.767uM; MoO,, 0.208uM; CuSQ, 5H,0, 90 min at 65 °C and determined spectrophotometrically
0.321uM; EDTA Fg,, Na, 0.11 mM; KHPQ,, 0.1 mM; [4].

K,SO,, 0.1 mM; CaCJ 2H,0, 0.6 mM; MgSQ (7H,0),
0.2 mM; (NH,), SO,, 0.75 mM. Ca and Mg deficiencies
were induced by decreasing Cg@2H,0) to 9.97
102 mM, and MgSQ (7H,0) to 2.51 1¢ mM (pH, 4.5).
Aluminium was supplied at a concentration of 0.37 mM

(Al (SO,); 18H,0, 0.183 mM), and the pH was adjusted both light and darkness, leaves were sampled for mineral

to 3.8 with HCL 0.1 N. X-ray microanalysis. To prevent any exchange of diffu-
During July, the plants were transferred to INRA- sjve ions (i.e. K and Cl), the leaves were immediately
Nancy (Champenoux, France). All experiments were frozen in liquid nitrogen. Leaf sections of 2 mm width
conducted during two weeks in a climate chamber withwere cut off at =30 °C by means of a razor blade.
the following day/night conditions: 14/10 h; RH, 55%; Samples were then freeze-dried at —10 °C, as previously
air temperature, 22/20 °C; PPFD at the top of the plantsdescribed [13], and carbon coated (metallizer Balzer's
around 30Qumol m? s, CED/020, Boiziau distribution, Selles sur Cher, France).
Cell concentrations of Al, K, Ca and Mg were measured
with a Stereoscan 90 electron microprobe fitted with an
2.2. Stomatal movements and photosynthesis AN 10000 10/25 energy-dispersive-analyser (Cambridge
Instruments, Cambridge, UK) in eight leaves (from eight
Stomatal density was measured on the abaxial side oflifferent plants) per treatment. For each leaf, three cells
six leaves (from six different plants) per treatment using were analysed in the different leaf tissues. Analysis was
a scanning electron microprobe (Cambridge Instrumentsperformed in the scanning mode with a 15 KV accelera-
Cambridge, UK). For each leaf, stomata were counted ortion voltage and a tilt angle of 45° for 100 s in the mid-
six squares of 0.04 nin dle of the cells. Spectra were treated with the program
Stomatal movements were followed from changes in ZAFA - FLS (Cambridge Instruments, Cambridge, UK)

stomatal conductance. Stomatal conductance to watef”‘nd the results were expressed in m@yV leaf tissue.

vapor @,) was monitored by means of a diffusive Potassium is mainly located in the cell vacuole.
porometer (Delta-T-Devices, Cambridge, UK) under Therefore, X-ray microanalysis at a cell level allow a
darkness (measured at predawn), after 4h of light supplygood estimation of Kfluxes between the guard cells and
(PPFD around 30@mol m2 s1) or after exogenous the epidermal cells. On the other hand, such investiga-
ABA supply. ABA (+-2-cis, 4-trans-abscisic acid, tion gives no information about €aand AP* concentra-
Aldrich-Chemie, Steinheim, Germany) was taken up by tions in the apoplast or in the cytosol.

the plant xylem. The stems of four plants per treatment

were cut under water, and after 1h of irradiance (PPFD 5 4 Statistical treatment

around 30Qumol nT2 s1), the shoots were transferred to

agube Ico_ntainri_ng an aqueous solution of ABA{1). The effects of nutrition treatments were investigated
The relationships between gw and ambient,@©a.)  py analysing the variance on the base of the Fisher test.
were established on four p_Iants per treatment by means gt significant differences (Student PLIDs 0.05)

of a po_rtable photosynthesis chambgr (L1 6200, LI-COR \yere then calculated to range means values. Data were
Inc., Lincoln, Nebraska) as described by McDermitt ;55 examined for significant interactions € 0.05)

et al. [29]. Four to five leaves per plant were enclosedpeyyeen excess Al and a deficiency in Ca and Mg.
into a 4 | assimilation chamber, and the (Gfible frac-

tion (c,) was increased to about 9%@nol mof?! by
breathing into the chambeg,, was measured when
decreasing, from 900 to 5qumol mot?. CQO, mole frac- 3.RESULTS

tion in the chamber was lowering with a soda lime scrub. 3 1 Element concentrations of leaf cells

Net CQ, assimilation rates (A) were recordedcabf
350 umol mot* and PPFD of 25@imol n72 s1. Both A The distribution of Al in the different leaf cells is pre-
and the sub-stomatal G@oncentrationd) were calcu-  sented infigure 1 In control plants, a concentration of
lated following the equations of Von Caemmerer and 0.94 mg gDW! Al was recorded in the guard cells. In
Farquhar [44]. Chlorophylls were extracted from eight abaxial epidermal cells, Al concentration was only at

2.3. Mineral X-ray microanalysis

Parallel to stomatal conductance measurements, under
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14 Al content, up to about twice the control value, was
recorded in both parenchyma types. Regarding -CaMg
plants, a similar trend was observed in the distribution of
Al in the leaf cells. Nevertheless, Al concentrations in
guard cells and epidermal cells represented about 19%
and 29% of the control values, respectively. In parenchy-
ma cells, Al concentrations were similar to those of con-
trol plants. No interaction between excess Al and Ca-Mg
deficiency was recorded.

Table I presents K, Ca and Mg concentrations in the
abaxial epiderm and in both parenchyma. Ca-Mg deple-
tion in the nutrient solution resulted in lower Ca and Mg
in all cells, while K was not affected. Excess Al (+Al
and +Al-CaMg plants) induced a decrease of Ca and Mg
in all leaf tissus, which was comparable to the one
recorded with the -CaMg treatment. In contrast, K con-
Control  +Al -CaMg +Al-CaMg centrations were significantly increased by Al stress in
all leaf cells. No interaction between excess Al and a

Figure 1. Aluminum concentrations of the different leaf cells: deficiency in Ca and Mg was observed on K, Ca and Mg
black, guard cells; white, abaxial epidermal cells; grey, spongy : : ’
parenchyma cells, stripe, palisade parenchyma cells. (mean £oncentrat|ons for the different leaf cells.
SD; n = 8 leaves from 8 different plants; values with different
letters are significantly different pt< 0.05).

Al (mg gDW-1)

3.2. Stomatal response and K fluxes under
darkness or irradiance (figure 2)

50% of the guard cell value. The lowest concentrations ) ] ]
of Al were observed in the parenchyma cells, the pal- Beech seedlings from the different treatments dis-
isade parenchyma always showing higher Al concentra-Played similar leaf stomatal densiti¢gable ).
tions than the spongy parenchyma. Excess Al in the Therefore, differences in leaf conductangg) (resulted
nutrient solution (+Al and +Al-CaMg plants) did not rom differences in stomatal aperture.

increase significantly Al concentrations in guard cells In control plants, mean stomatal conductance of dark-
and epidermal cells. In contrast, a significant increase inadapted leaves was around 30 mmd si. Four hours

Table I. Potassium, calcium and magnesium concentrations in the different leaf cells. (meam £ 8Oeaves from 8 different
plants; value with different letters are significantly differen &t0.05).

Element concentrations (mg gDW)

K Ca Mg
Abaxial epidermal cells
Control 93222 11.3+x2.2 4009
+Al 17.4 2.4 75+1.8 1.6 £0.8°
— CaMg 9.1+3.4 7.8+1. 1.5+1.1°
+Al-CaMg 15.6+2.2 8.0+1.3 1.0+1.0°
Spongy parenchyma cells
Control 6.2+1.12 53+0.4 1.5+0.3
+ Al 12.4£2.P 2.7+0.6° 0.7+0.2
— CaMg 52+1.4 3.0+0.3 0.4+0.3
+Al-CaMg 109 +2.4 25+0.7 0.6 0.4
Palisade parenchyma cells
Control 7.0x1.12 9.2+1.8& 2505
+ Al 10.1+1.3 6.1+1.3 0.8+0.20
— CaMg 6.4+25 55+1.8 0.7+0.5
+Al-CaMg 11.9+2.4 59+1.6° 0.8+0.4°
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Table II. Chlorophylls concentrations, stomatal densities, nej &B3imilation rates (A; PPFD = 250nol ni? s1) and CQ mole
fractions in the sub stomatal spacgk (mean + SD; value with different letters are significantly differept<a0.05).

Chla Chlb Chla/Chlb
(mg dm?, n= 8 leaves)
Control 2.25+0.24 0.49+0.18 4,72 £0.98
+ Al 1.48 £ 0.6 0.31+0.1P 4.74 £0.59
— CaMg 1.12 +0.2% 0.25 +0.08 4,50 £0.81
+ Al — CaMg 1.29 +0.2¢ 0.28 +0.07 4.67 £0.64
Stomata mnt? A (umol nt2s?) ci (umol mot?)
n=6 leaves n =4 plants
Control 257 43 257 £0.32 329 +4
+ Al 245 £ 45 1.53+0.20 334 £5
— CaMg 271 +52 1.45+0.40 3334
+ Al — CaMg 261 £63 0.60 £0.28 340+ 6

iradiance increaseg,, up to 150 mmol n# st and K 3.3. Stomatal response to ABA

concentration of the guard cells up to 1¥98.8 mg

gDW1in darkness. As a result, the ratio guard cells/epi- Stomatal responses to an application of exogenous
dermal cells for K contents (Kgd/Kep) was enhanced ABA via the transpiration stream are presented in
from 0.9 to 1.9. figure 3 Control leaves showed a decrease in stomatal
conductance 25 min after ABA supply, agdstabilized

to 38% of the initial value after 100 min +Al and —CaMg
treatments affected neither the time course of stomatal
response to ABA, nor the magnitude of stomatal closure.
In contrast, +Al-CaMg plants exhibited a limited ABA-
induced stomatal closure not lower than 67% of the ini-
tial value.

Ca and Mg low nutrition did not affect the stomatal
response to darkness,, guard cell K concentration and
Kgd/Kep were similar to the control values. On the other
hand, steady-statg, in light was significantly lower
(107 mmol n? s1) and correlated to lower Kgd/Kep
(1.4), as a result of smaller K accumulation in the guard
cells.

3.4. Stomatal response to CO
Excess Al resulted in an increase in K concentrations

in the guard cells, as previously observed in the epider- Stomatal responses to changing.,Gle fraction in
mal cells (able |) Therefore, Kgd/Kep remained closed the air ca) are presented iﬁgure 4. Control p|ants
to controls, and was even lower for the light adaptedshowed increased,, of 29% whenc, was decreased
state. This smaller relative accumulation of potassiumfrom 900 to 50an%0| moll. In +,§|, —CaMg and
was associated to lowgy, for light condition (116 mmol  +A|-CaMg plantsg,, atc,=900umol mol! was signifi-
m? s?). It is notworthy that, despite the difference in cantly lower than in controls (-36%). Stomata of both
absolute K contents, Kgd/Kep aigg were similar for ~ +Al and —CaMg plants remained wide open with lower-
+Al and —CaMg plants. ing ¢, On the other hand, combined treatments hardly

reduced the stomatal response to,CIdie increase ig,,

The seedlings submitted to combined Al stress and a8t C; 50 umol mot* reprelsented only 16% of the value
deficiency in Ca and Mg were characterized by lggh ~ recorded at 90fimol mol™ for +Al-CaMg plants.
in darkness: 8&s.30 mmol m? st in control leaves.
Light supply promoted only a slight increasegjnup to o
97 mmol n? st. X-ray microanalysis showed a lack of ~ 3.5. Net CQ assimilation
K accumulation between dark and light conditions.
Kgd/Kep remained constant and similar to the value Chlorophyll concentrations on a leaf area basis are
recorded in control dark-adapted leaves, i.e. 0.9. presented itable Il. A significant and similar reduction
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Figure 2. A) Steady state stomatal conductances to wate
vapour ¢, ), B) potassium concentration in the guard cells an
C) ratio between guard cells and epidermal cells concentratio
in K; under darkness (black) and after 4 hours of light suppl
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from 8 different plants; values with different letters are signifi-
cantly different ap < 0.05).
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Figure 3. Change in stomatal conductances to water vapgr (

in response to exogenously applied ABA €1d): black
squares, control; white disks, +Al; white squares, —CaMg;
white triangle, +Al —-CaMg. All walues are presented as mean +
SDZ; nl: 4 leaves from 4 different plants; (PPFD = 30@ol

m< s4).
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Figure 4. Change in stomatal conductances to water vapgr (
with decreasing C®mole fraction in the airq): black
squares, control; white disks, +Al; white squares, —CaMg;
white triangle, +Al —-CaMg. All walues are presented as mean +
SD;n = 4 plants (PPFD = 250mol n12 s%).



Aluminium, stomata and photosynthesis in beech 215

of both chl a and chl b concentrations was recorded incells also showed a severe deficiency in calcium, and the
the leaves of +Al, -CaMg and +Al-CaMg plants to cells of the palissade parenchyma were decreased closed
about 40% of the control values. The ratio chl a/chl b to the deficency level estimated at leaf level (5 mg
was never affected. Mean net C&®similation rates (A), gDW?, [8]). We assumed that the seedlings were also
on a leaf area basis, were significantly depressed in alldeficient in calcium. Combined stresses (+Al-CaMg
treated plants. The reduction in A was not significantly plants) did not result in a further reduction in Ca and Mg
different between +Al (-31%) and —CaMg (—43%) treat- leaf amounts. On the other hand, potassium concentra-
ments. An interaction between excess Al and a deficien-tion was significantly increased by Al stress in all leaf
cy in Ca and Mg was calculated for +Al-CaMg plants cells. Similar Al effects on the mineral balance has been
(=70%). The decrease in A was accompanied by a condescribed by several authors féagus sylvaticd3, 6],
stancy of the calculated sub-stomatal @able fraction Quercus rubra[10, 21] andPicea abieq16, 32]. This

(c). On a chlorophyll a concentration basis, A for +Al study confirms that Al reduces the uptake and the
(1.2 umol gChtt s or —CaMg (1.0umol gChit s7) translocation of Ca and Mg. The raise in K leaf concen-
leaves were not different from control (Juinol gCht! tration could not be attributed to the depletion in Ca and
s1). In +Al —CaMg plants, A was reduced to one half of Mg. Indeed, for —-CaMg plants, K concentrations
the control: 0.5umol gCht! s, remained similar to the control values.

With regards to stomatal regulation, the main ques-
tions were as follows: i) Does Al accumulation in leaf
tissues inhibit the light-induced*Hdnflux into the guard
cell vacuole? ii) What is the consequence of Al-induced
K accumulation in the leaf cells on stomatal aperture?
and iii) What is the consequence of Al-induced Ca defi-
ciency on the signal transduction pathway leading to
stomatal closure?

4. DISCUSSION

Stomata allow water loss by transpiration and the
entry of CQ into the leaf for photosynthetic carbon fixa-
tion. Fine control of stomatal conductance is vital so that
tree neither dessicates nor becomes starved fgr @O
control beech seedlings, light as expected triggered
stomatal opening while darkness, exogenous ABA and With calcium deficiency, Ridolfi et al. [30] observed a
high CQ, concentration in the air reduced the stomatal reduced stomatal sensitivity to both darkness and ABA
conductance. X-ray microana|ysi5 showed the occur-in Vicia faba.The authors hypothesized that reduced cal-
rence of K fluxes with stomatal movements in beech. cium availability at leaf level probably affects the
The transition from darkness to light promoted an increase in cytosolic [G4 required for stomatal closure.
increase in stomatal conductance accompanied by dndeed, ABA [9, 27] and darkness [36] are known to
build-up in potassium guard cell concentration (mea- induce stomatal closure mainka a transient increase of
sured after 4h of irradiance). Such accumulation of K in cytosolic-free C&" in the guard cells, which in turn
the guard cells upon illumination has been well docu- inhibits proton efflux [18] and Kuptake [7], and acti-
mented in herbaceous plants [22, 24, 25]. The aim of thisvates anion efflux [34]. For beech seedlings, Ca and Mg
work was to assume whether free aluminium in the rhi- depletion did not affect stomatal response to the different
zosphere may affect beech vitalitia a disturbance in ~ closing stimuli: darkness, ABA supply and high CO
stomatal regulation and leaf carbon assimilation. concentration in the air. Similar results were obtained on

In beech seedlings exposed to aluminium, Al accumu-C2 deficient oaks [31]. Alternative explanations could be
lated in the parenchyma, and palisade cells always') sufficient amount of free calcium in the vicinity of the

showed higher Al concentration than in the spongy ceIIs.guarOI cells an_d Ii) the existence of a Ca mdepen_dent SIg-
The highest concentrations were always recorded in théﬂaI transduction pathway for thgse tree species. The
guard cells, and may result from an accumulation of Al occurrence of several transducu_on routes leading to
via the transpiration stream. +Al and +Al-CaMg plants stomatal closure has been previously speculated in
showed similar Al concentration. It should be remembercomme“na communig, 14] andvicia faba[30].

that X-ray microanalysis were performed on dehydrated On the other hand, steady state stomatal conductances
leaf sections and at cell level. Therefore, it is impossible(g,) in light was significantly reduced by the deficiency
to distiguish any difference in Al cell localisation nor Al in Ca and Mg, and accompanied by a lower ratio in K
speciation between the two treatments. Al promoted aconcentration between guard cells and epidermal cells:
reduction of Ca and Mg levels in all leaf tissues, which Kgd/Kep = 1.4vs.1.9 in controls. Decreased K accumu-
was comparable to those recorded with decreasing Cdation in the guard cells was not expected with regard to
and Mg nutrition. With all treatments, cell concentra- Ca depletion in the leaves. During stomatal opening, an
tions of Mg were below the deficiency threshold for this inward K* channel allows Kinflux into the guard cell,
element (i.e. 1 mg gDW [8]). The spongy parenchyma which is activated by both plasma membrane
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hyperpolarisation and low concentration in cytosolic cal- Spinacea oleracearlherefore, if Al reached the chloro-
cium ion [12, 34, 35]. A delay in stomatal opening with plasts of intact plants, it is likely to depress the photo-
light supply and a reduction in steady-stgfewas also  synthetic acivity. Beech seedlings exposed to excess Al
recorded for Ca-deficient seedlings Qtiercus robur  or Ca-Mg deficiencies exhibited a reduction in net,CO
[31]. The authors hypothesized that lower photosynthesis,ssimilation rates (A) on a leaf area basis. However, on a

in Ca-deficient oaks [31] and in Ca-Mg deficient beechs . rophyil concentration basis, A remained comparable
(this study) could have reduced the production and the, Phy ! 'S ! P

o . X . to the control value for both treatments. These results
mobilisation of organic osmoticum required for stomatal sugoest that the reduction in photosvnthesis at leaf level
opening. Therefore, a depletion in mafateesulting in a 99 P Y

lower negative charge in the guard cell vacuole, ma could be accounted for by lowered chlorophyll content.
explain thge reduced agccumulatign of K ySchlegel and Godbold [32] proposed similar conclusions

) ] ) . for Picea abies By feeding the needles of Al-stressed
With excess Al in the nutrient solution, stomatal

response to all stimuli was similar to that of Ca-Mg defi plants directly with Mg, they observed an increase in Mg
cient beech. It is noteworthy that despite enhanced Kcontent of the needles. As a result, both chlorophyll con-

concentration in the guard cellg, in the dark was not centration and CQuptake were enha_nced. They p_ostu-
significantly increased. In fact the raise in guard cell tur- '3t€d that Al effect on photosynthesis was not directly
gor, required for stomatal opening, depends on the ratig"ediated by Al toxicity, but is the consequence of the
in osmoticum between the epidermal cells and the guard®l-induced Mg deficiency. However, Mg fumigation
cells. As a result of Al-induced K increase in both cell also decreased the amount of Al in the leaves and there-
types, Kgd/Kep remained comparable to the control. Asfore could have suppressed a potential direct toxicity of
in —CaMg plantsg,, in light were lowered and accompa- Al. In beech seedlings submitted to Al, the relative Mg
nied by a lower Kgd/Kep: 1.4s.1.9 in controls. Alwas  deficiency in the leaves was comparable to that recorded
found to be a specific inhibitor of inward K channels in with decreasing Ca-Mg nutrition. And, despite higher Al
the plasmalemma of the guard cells [33], and may haveconcentration in the parenchyma cells, the reduction in A
limited K influx. However, the reduction in gw was not \as not significantly higher in +Al plants than in —-CaMg
significantly higher than in ~CaMg plants, and the level yjants. Calcium deficiency was also shown to reduce A
of Ca-Mg deficiency were similar for both treatments. It 5, o5y seedlings, without any reduction in chlorophyl
is therefore impossible to assume whether logyeand 0o \tont [31]. This reduction in photosynthesis was
K concentration in guard cells are a primary effect of Al ibed 1o reduced C@vaibility in the chi last. |
toxicity or a consequence of Al-induced Ca-Mg ascribed to reduced G@val 'ty In Ine chioropiast. in
depletion. both oak [31] and beech (this study) seedlings, the con-
. stancy in the CQmole fraction in the sub stomatal

' Beech seedlings exposed to both Al stress and a def"spaces ) suggests a non stomatal limitation of £O
ciency Idn Ca ancli Mgdwere ch_argctkerlzed_ by i) I"?‘n influx into the leaf. However, an overestimation in the
increased stomatal conductance in darkness ii) very M"computation ot like those reported by Terashima et al.
ited stomatal movements in reponse to the different stim [38] in droughted plants cannot be ruled out. Additional

uli iii) a strong dysfunction of K fluxes between the X . X
guard cells and the epidermal cells. In darkness, gjjgh experiments would be needed to estimate the impact of

was not accompanied by increasing Kgd/Kep; and lightAl 0n CQ, mole fraction at the chloroplast level, and on
supply promoted a slight increase gf without any K~ Poth stomatal and mesophyll limitations of Ca¥ffu-
accumulation in the guard cells. Stomatal aperture maysion into the leaf. Finally, it is once again impossible to
therefore be attributed to a raise in organic compounds irassume whether lower net assimilation rates is a primary
the guard cell vacuole or a disturbance in cell structure.effect of Al toxicity or a consequence of Al-induced Ca-
The discrepancy between stomatal response in +Al andvig depletion.

+Al-CaMg plants was surprising as no difference could

be detected in Al accumulation nor in Ca and Mg con-

centrations in the leaves between the two treatments. With combining excess Al and a deficiency in Ca and
Nevertheless, this result strongly suggests the occurrenc#lg, the reduction in net Cassimilation rates was more
of a leaf senescence in +Al-CaMg seedlings. Thispronounced. Furthermore, the decrease in chlorophyll
hypothesis was corroborated by the presence of leatamounts could not explain the reduction in A. On a
Necrosis. chlorophyll concentration basis, A was 50% lower than

With regard to photosynthesis, Hampp and Schnablein controls. Potential Al injury on the chloroplast integri-
[15] found that a 1M Al concentration caused severe ty should be investigated by means of chlorophyll a fluo-
damage to the membranes of isolated chloroplasts frontescence analysis.
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5. CONCLUSION [6] Bengtsson B., Asp H., Jensen P., Berggren D., Influence
of aluminium on phosphate and calcium uptake in beech
This study confirms that Al i) disturbs the plant nutri- (Fagt_Js sylvaticagrown in nutrient solution and soil solution,
ent balance ii) is to be considered as a complex abiotic”"YSi0l- Plant. 74 (1988) 299-305.

desease and iii) that Ca avaibility plays a major role in _[7] Blatt M.-R., Thiel G., Trentham D.R., Reversible inacti-
limiting Al-induced injury. vation of K channels oiVicia fabastomatal guard cells fol-

o . lowing the photolysis of caged inositol 1,4,5-triphosphate,

Aluminium was shown to reduce light stomatal con- Nature 346 (1990) 766-769.
ductance and net carbon assimilation of beech seedlings. [8] Bonneau M., Le diagnostic foliaire, Revue Forestiére
This reduction of stomatal aperture is the result of limit- Francaise 19-28 (1988).
ed accumulation of K and may be of organic [9] De Silva D.L.R., Cox R.C., Hetherington A.M.,
osmoticum, in the guard cell vacuole. It is likely that Mansfield T.A., Suggested involvement of calcium and
such effect is the result of Al-induced deficiency in Ca. calmodulin in the responses of stomata to abscisic acid, New
Phytol. 101 (1985) 555-563.

[10] DeWald L.E., Sucoff E.I., Ohno T., Buschena C.A.,
Response of northern red odRuercus rubral.) seedlings to
soil solution aluminium, Can. J. For. Res. 20 (1990) 331-336.

[11] Ericsson E., Gdransson A., Van Oene H., Gobran G.,

The major finding of this study is an Al nutrient
deficiency interaction leading to a strong stomatal dys-
function and a further reduction in leaf carbon assimila-
tion. Notably, the lack of stomatal reactivity to ABA, the
endogenous.signal induqi_ng stomatal c;losure with ‘.SOiIInteractions between aluminium, calcium and magnesium -
water depletlon, may faCI[Itate drought-lndgced decline Impacts on nutrition and growth of forest trees, Ecol. Bull. 44
processes. This is of major importance with regard to1995) 191-196.
potential changes in soil chemistry due to acidic anthro- [12] Fairley-Grenot K.A., Assmann S.M., Permeation of

pernic inputs. Indeedz Weissen [46] reported a signifi- ¢+ through K-selective channels in the plasma membrane of
cant increase of the acidity for several forest soils of theyjicia fabaguard cells, J. Memb. Biol. 128 (1992) 103-113.

Ardenne. [13] Garrec J.P., Microanalyse des éléments diffusibles en
Finally, the reduced photosynthesis observed biologie. in: Quintana C. and Malpern S. (Eds.), Microanalyse

on beech seedlings may result in a loss in wood producx en biologie, Société frangaise de microscopie électronique,
tivity. Paris (1983) pp. 141-150.

. [14] Gilroy S., Fricker M.D., Read N.D., Trewavas A.J.,
Acknowledgements:The autors thank H.J. Van Role of calcium in signal transduction Gommelinaguard

Praag and F. Weissen for supplying beech seedlings, angdgjjes, plant Cells 3 (1991) 333-344.

F. Toussaint and A.M. Defrenne for the maintenance of [15] Hampp R., Schnabl H., Effect of aluminium ions on
plant cu!ture. They thank also M. Burlett and F. Willm 14CO,-fixation and membrane system of isolated spinach
for help in gas exchange measurements. chloroplasts, Z. Pflanzenphysiol. 76 (1975) 300-306.
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