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Effects of copper on the growth, photosynthesis
and nutrient concentrations of Phaseolus plants
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Abstract

Bean plants (Phaseolus vulgaris 1. var. Zargana Kavala) were grown under
conditions of increasing Cu concentrations in the growth medium (0.5-160.5 uM).
Generally. the Cu concentrations between 0.5-1.5 uM were deficient. 1.5-10.5 pM
were optimal, and 10.5-160.5 uM were toxic to plant growth. The Cu toxicity was
associated with marked increases in plant tissue Cu concentrations. Under the Cu-
deficient and optimal growth conditions, Cu was located primarily in the leaves.
Under Cu toxicity, it was primarily sequestered in the roots. With increasing Cu in
the growth medium, there was a positive corrclation between Cu concentrations in
the roots, stems and leaves, Ca in the roots, and K and Mg in the leaves. In contrast,
Ca concentrations in the leaves and stems showed a negative correlation. The
chlorophyll (Chl) concentration increased with increasing leal Cu concentration,
however, the Chl &/b ratio decreased. Since with an inereasing leal Cu concentration
the leal arca decreased more markedly than the leaf dry mass, the net photosynthetic
rate (#y) per Ieal arca increased and per dry mass decreased. The increase in Py per
leal arca was almost entirely accounted for by the increase in Chl concentration. The
initial Chl fluorescence (Iy) increased with increasing leat” Cu concentration. The
ratio of variable to maximum fluorescence (F,/F,,} under Cu toxicity decreased. The
half-time for the rise from Ty to Fy (ty) 1cwmined relatively unclianged with
increasing leat’ Cu concentration. Therefore the Cu-stress caused a small decrease in
the efficiency of photosystem 2 photochemistry, but its primary cifeet was on
growth.

Additional key words: chlorophyll; fluorescence induction: leaf area; mincral elements; nct
photosynthetie rate; photosystems 1 and 2; root: stem.
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Introduction

Copper is an essential plant nutrient. [t is required as a structural and catalytic
component of several proteins and enzymes invelved in electron transfer and
oxygenation reactions, and charge accumulations. Cu deficiency reduces the
zynthesia of plastocyanin and cylochrome oxidase, which results in growth inhihition
and decreased photosynthesis and respiration (Barén-Ayala and Sandmann 1988,
Bardn-Ayala ef a/. 1992). Cu is essential for photosystem 2 (PS2) activity (Droppa el
al. 1084, Bardn-Ayala ef af. 1992) in ensuring the correct content and composition of
pigments and polypeptides in PS2, and the content and degree of saturation of lipid
fatty acids in the thylakoids and PS2 complex (Baron-Ayala ef ¢f. 1992), and it also
serves as a structural component of an active PS2 complex (Arvidsson et af. 1993),
Yet excess Cu is phytetoxic causing stunted growth, chlorosis, and malformation of
the roots (Kabata-Pendias and Pendias 1984, Punz and Sieghardt 1993).

Some controversy exists con the etfect of excessive Cu on photosynthesis. [wo
potential metal sensitive sites in the photosynthetic clectron transport chain are
indicated: the water-spliting enzyme on the oxidising side of PS2, and the NADDPH-
oxido-reductase on the reducing side of I'SI. A small inhikition of photosynthetic
clectron transport on the oxidising side of PS2 has been reported in isolated spinach
chloroplasts (Shioi et af. 1978, Sandmann and Béger 1980, Lidon and Henrigues
1961). Chl [Muorescence measureinents have suggested that a sice of Cu inhibidon is
on the antenna of P52 (Lidon ef al. 1993). Sandmann and Béger (1980) also reported
a Cu-mediated lipid peroxidation of the chloroplast membranc. [lowever, Baszynski
er af. (1982) reported that PS2 activity was not affected, and PS1 activity was slightly
cnhanced (NADP reduction) in Cu-tolerant plants growing under an excess of Cu. An
inhibition of photosynthesis may be the result of a direct Cu effect on ribulosc-1,5-
bisphosphate carboxylasc-oxygenase (RuBPCQ) activity (Stiborova er al. 1986,
Lidon and Henriques 1991), however, the RuBPC( activity was expressed on the
basis of soluble protein. The ratio of RuBPCO pratein to total soluble protein may be
different between control plants and plants grown under excessive Cu. 1n other
reports, Ru3PCO activity was unaffected by the presence of excessive Cu during
growth (Baszynski ez af. 1982, Lanaras ef ¢/. 1993). The contents of plastid pigments
and lipoquinenes in Cu-treated plants decrcase (Lidon and Henriques 19913 or
merease (Baszynski ef al, 1982, Maksymicce ef af. 1994, 1995),

[n this study, the effect of Cu delicieney and toxicity on intact P. vulgaris plants
was examined. Firstly, the cffects on growth were cstablished in relation to the
accumulation of Cu in the plant tissues. The effect of Cu on the absorption of somc
other essential nutrients was also investigated. Finally, the effect of Cu on Py, Chl
concentration, and Chl fluorcscence was examined in relation (o the general strategy
ol the plants towards conlronting conditions of Cu stress.

Materials and methods

Plants and expcrimental design: Beans (. velgaris L. var. Zargana Kavala) were
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germinated in the dark for 6 d at 24 °C on filter paper saturated with water. The
germinated beans were planted in pots (250 em?) containing perlite. The plants (7 or
8 at vach concentration) were then watcred every day withi a 1:10 strength Hoagland's
solution (lloagland and Arnon 1950) containing final concentrations of 0.5, 0.6, 1.5,
3.5,10.5, 20,5, 40.5, 80.5, and 160.5 pM CuSO4x5 [0, The nutrient solution (pH
5.5) was as follows [uM]: KCI 30, 113805 25, MnSQyux/ 11,0 2, ZnS0,=7 L0 2,
(NH4)sM07054x4 1,0 0.5, Fe-EDTA 20, MpSO4xH,O 0.1, CuSOux5 H,O 0.3,
KNO; 600, Ca(NO3);x4 H,y0 400, and NH4H,PO, 200. The plants were kept under
a 16/8 h light/dark regime at 2342 °C [or 24 d by which time they had one pair of
unifoliate leaves and two trifoliate lcaves. They were irradiated with cool-white
fluorescence tubes giving an approximate irradiance of 140-200 pmol m=2 s-! at the
level of the leaves.

Nutrient measurements: Each plant was cut into roots, stem, and leaves (the pair of
unifolinte leaves, first trifoliate lcaf, and sccond trifoliatc leaf, separately) and the
tissue oven-dried at 80 °C (o a constant mass. Samples of the plant tissues and soil
were digested with a nitric-perchloric acid solution (4:1, v/v) for 4 h at 150 °C. The
Cu, Ca, Fe, Mg, Zn, and K concentrations were determined in an atomic absorption
spectrophotometer (Perkin Elmer 2380) using Specirosol (BIDH Chemicals, Poole,
Fngland) as a standard solution. All concentrations measured for the samples were
within the linear ranges specified by the manufacturer for each clement. | hese ranges
arc [rom 0 up to the following values for: Cu, 5.0; Ca, 5.0: Fe, 3.0: Mg, 10.0; Zn, 1.0;
K. 20.0 [g m=]. The detection limits [g m3] of the absorption spectrophotometer
operated with a flow spoiler and using an air-acetylene flame werc .002, 0.002.
0.004, 0.0001, and 0.002 for Cu, Ca, Fe, Mg, and Zn, respectively,

Py was measured using a portable infra-red pas analyser (IRGA, LICOR model
6200, LI-COR, Lincoln, Nebraska) in a closed system, using a 250 em? chamber. The
Py per unit leaf area and stomatal conductance {g,) were calculated using the
equations of Caemmerer and Farquhar (1981). A single, attached leal was used for
each measurcment.

Chl fluorescence parameters, initial fluorescence (Fp), maximum fluorescence (Fo),
variable fluorescence (F,, where Fy =T - 1'g), and the half-time (t,5) for the rise
from Ly te Fy,, were measurcd using a portable fluorimeter (Plant Stress Meter,
Biomoniior, Umed, Sweden) as described by Oquist and Wass (1988). Mecasurements
were made on the upper surface of leaves which had been dark-adapted for 45 min.
Chl was excited for 5 s by actinic radiation with a photon flux o 400 pmol m2 g1,

Morphametric measnrements: The length of the longest root, the length of the stem,
and the area of cach leaf were measured for cach plant. The fresh and dry masscs of
the roots, stem, and cach leaf were also recorded. Leaf arca was measured using an
Mk2 Area Meter (Delia-T Devices, U.K.) connected to a TC7000 Scrics Camera
(Burle Industries, U.S.A).

Chl determination: Individual leaf discs (1 cm?) were pulverised in liquid nitrogen,
and Chl was extracted in 90 % acetone for 24 h at -10 °C. After centrifugation of
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extracts at 10 000 x g for 3 min, the total Chl was determined from the values of
absorbance at 664 and 647 nm using the extinction coefficients given by Jeffrey and
Humphrey (1975).

Statistical analysis: Principal Components Analysis (PCA) (Gauch 1977) was used to
examine the inler-elemental relationships in the plant tissues. Differences between
means were assessed using a one-way analysis ol variance (ANOVA) [ollowed by a
multiple comparison test (LSD) (Sokal and Rohlf 1981).

Results

Plant growth and tissue Cu concentrations: The responses of the roots, stems and
leaves to the range of Cu concentrations used in the growth medium (0.5-160.5 pM)
indicated that these were deficient, physiological, and toxic to plant growth (Fig.
14,B,C). In the growth medium containing 0.5-1.5 uM Cu the root length and
biomass increased, and optimal values occurred at 1.5-5.5 uM Cu for root length and
up to 10.5 uM Cu for root biomass. The root Cu concentration increased from 26.5 to
33.6 mg(Cu) kg-'(DM), with a mean value of 28.623.4 mg(Cu) kg-{(DM) over the
growth medium concentration range of 0.5-5.5 uM Cu. The root length decreased
markedly at growth medium Cu concentrations ahove 5.5 uM, and root hiomass at
concentrations above 10.5 uM Cu, both of which corresponded to a marked increase
in raot Cu concentration at a growth medium concentration of 5.5 pM Cu (Fig. 14).
A reduction in root length and root biomass occurred at root Cu concentrations
exceeding 33.6:2.7 and 55.8£7.4 mg(Cu) kg 1I(DM), respectively (Fig. 14, Table 1).
Plants grown at 160.5 uM Cu showed a reduction in root length (68 %) and biomass
(69 %) compared to optimal values, and had a mean root Cu concentration of 1479.3
mg kg (DM} (Table 1), representing a 44-fold increase in root Cu concentration
compared to that initiating a decrease in root length.

The stem length of plants growing in up to 1.5 pM Cu increased and remained
optimal for those growing in up to 10.5 pM Cu (Fig. 1B). The siem length then
decreased, slightly for plants growing in 10.5-80.5 uM Cu, and markedly between
80.5 and 160.5 uM Cu. Stem biomass increased for plants growing in up to 5.5 uM
Cu, and thereafter decreased with an increasing growth medium Cu concentration,
The stem Cu concentration decreased slightly from 23.2 to 19.9 mg(Cu) kg-l(DM)
(Tabie 1) when the growth medium Cu concentration ranged from 0.3 to 3.5 uM Cu,
and then increased for plants growing in higher than 10.5 uM Cu. A reduction in
stem length and biomass occurred at stem Cu concentrations exceeding 25.3+1.6 and
19.9+1.3 mg(Cu) kg (DM), respectively. The stem length proved not to be a good
indicator of an increasing Cu concentration in the stem. Plants grown at 160.5 uM Cu
showed a reduction in stem Tength (33 %) and biomass (38 %), compared to optimal
values, and had a mean stem Cu concentration of 83.0 mg(Cu) kg-{(DM).

The total leaf area and the leaf biomass per plant increased for plants growing in
0.5-10.5 pM Cu, and were optimal at 10.5 pM Cu (¥ig. 1C). Ior this growth medium
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Cu concentration range, the mean leaf Cu concentration per plant increased from
22.6 to 62.4 mg(Cu) kg'/(DM) (Fig. 1C). A reduction in both leal area and biomass
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Fig. 1. Nutrient-accumulation curves showing the effect of increasing Cu concentration in the
growth medium of Phuseolus vudgaris plants on the root, stem, and leaf biomass, and other
morphometric parameters (root and stem length, leaf area), and the corresponding Cu concentration
in the respective tissues. Root length refers to the length of the longest root. Values are plotted on a
log-log scale. Bars represent SE.

occurred at leaf’ Cu concentrations exceeding 62.4+4.3 mg(Cu) kg-l(DM). Plants
growing in concentrations exceeding 10.5 M Cu showed a marked decrease in both
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T'able 1. Mean Cu, Ca, F¢, Mg, Zn and K concentrations in the roots, stems, and unifoliate leaves of
Phaseolus vilgaris plants grown at different Cu concentrations. The element concentrations [mg
kg {DM)] are expressed as the mean of at least 5 replicates with SE in parcnthesis.

Growth medium Cu concentration (UM |
0.5 0.6 1.5 3.5 10.5 20.5 40.5 80.5 160.5

Root

Cu 265 278 264 336 558 2083 5442 10446 14793
Q1 @26 235 @7 (74 (4 (656 (31.0) (231.6)
Ca 2649 5775 5045 7738 6966 1191.8 11553 13422 11109
(21.5)  (83.5)  (68.5) (76.7) (745 (134.1) (613) (173.8) (174.6)
Fe §3.8 1142 990 1222 1242 1069 7.7 1051 346.7
(4 (154 (194)  (17.8)  (25.0)  (16.6) (53)  (11.0)  (120.9)
Mg 38163 32653 27200 22059 1643.6 30129 20875 18892 10025
(340.3) (4374) (259.2) (1788) (243.6) (89.8) (1643) (1433} (199.2)
Zn 1235 1316 1043 80.6 1121 2355 2539 1783  136.0
94y (103 (95 (7.8)  (163) (355) {(22.7)  (232) (2L.0)
K 123141 106064.0 88259 G9280.6 59711 1073077 15553.0 143203 116336
(936.4)  (1610.9) (1246.3) (896.9) {1064.4) (894.4) (1737.7) (1638.0) (2006.2)

Stem

Cu 232 250 225 199 253 35,1 51.1 63.5 83.0
22 (19 (19 (13 (16 (7)) @46 (403 (1.6

Ca  8694.0 116553 101412 84645 ©116.1 6627.3 S408.8 37564 34299
(1358.5) (1295.3) (B22.7) (879.2) (750.0) (783.1) (692.5) (712.9) <(l1312.1)

Fe  67.7 85.5 78.0 6.5 65.6 53.1 131 52.1 516
(3.5 (66) (D (@D (25 66 (33 (62 (67

Mg 34573 38402 36633 31288 31012 30927 2937.0 28039 41336
(309.1) (278.8) (219.7) (226.4) (205.9) (339.2) (150.8) (350.6) (1557.5)

Zn 727 1045 101 92.4 098.6 884 759 726 54.4
(7.6)  (30.5)  {(40) (99  (7.0)  (168) (44 (139 (5.7

K 1536730 180241 17418.3 1408%9.53 134944 14201.4 [18381.1 124340 113785
(1937.0) (1310.4) (1345.7) (2801.4) (705.8) (2539.8) (1611.4) (1014.2) (1129.5)

| eaves

Co 19 43.8 31,1 55.4 50.6 828 1644 2021  364.1
(L @7 @8 (1.8 3.9 (1.0)  (10.0)  (62.6) (45.6)
Ca 151546 92007 89489 92858 02686 8791.6 6273.5 SIiIL8 26453

(1558.0) (1045.9) (760.8) (152.6) (630.2) (221.4) (88.3) (666.0) (253.0)
Fe 513 18.9 85.5 74.7 76.7 71.7 73.9 82.7 484
(83 (23 (36 (3D 3.6 3.0 G (163 (39)
Mg 19783 27100 24112 23146 2567.5 26721 33637 34562  2560.3
(96.1)  {99.1)  (63.2) (17.1)  (134.1) (63.3) (112.9) (450.9) (92.2)
Zn 631 65.5 60.9 66.5 98.0 68.0 818 94.1 97.1
9 3.1y (12 (36 (35 @20 @9 (105 (2.6
K 8783 10220 10083 9950 9027 11462 12639 14566 13527
(61.0)  (19.8) (299  (384) (549) (16.1) (35.6) (1143) (49.7)

leaf area and leaf biomass as the mean leaf Cu concentration increased from 62.4 to
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308.9 mg(Cu} kg I(DM) (Fig. 1€). Plants grown at 160.5 pM Cu showed a reduction
in leaf arca (67 %) and biomass (56 %) compared to optimal values. Leaves of
dilTerent ages of plants grown on a given Cu concentration generally did not show
signiticantly different leaf Cu concentrations, indicating that Cu was uniformly
distributed in all the plant leaves.
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Fig. 2. The amount of Cu accumulated in the roots, stem, and leaves of Phaseolus vulgaris plants
grown with increasing Cu concentrations in the growth medium. Tissue refers 1o roots, stem, and
leaves. Valucs arc plottod on a log-log scale. faxers: The change in the ratio of shoot 10 root biomass

{dry masses), and shoot te reot Cu content with increasing Cu concentration in the growth medium.
Bars represent ST2,

The total amount of Cu accumulated in the roots {ug(Cu) root-!] and stem Jug(Cu)
stem-1] incrcased biphasically, with a marked increase in the content for plants
growing in concentrations exceeding 5.5 pM Cu (Fig. 2). Plants grown in 160.5 uM
Cu had a mean Cu content of 155.1433.5 pg(Cu) root™! and 12.6+0.6 ug(Cu) stem-!.
However, the total amount of Cu accumulated in the leaves did not show 1wo discrete
absorplion phases over the range of Cu concentrations used. The plants grown in
160.5 uM Cu had a mcan total leaf’ Cu content of 48.5+8.7 ug Cu leaf-l. In all cases
the Cu accumulation saturated at the highest Cu concentrations. This was related to
the fact that biomass decreased faster than the increase of the Cu content in plant
tissues occurred with increasing Cu in the growth medium. Considering the
allocation of Cu in the plants, at growth medium Cu concentrations below 1005 UM,
Cu was localed primarily m the leaves, whereas above this concentration Cu was
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located primarily in the roots (Fig. 2). At all the growth medium Cu concentrations
least Cu was lecated in the stem. Accordingly, the ratio of the Cu amount in the shoot
{stem and leaves combined) to that in the root increased for plants grown in 0.5 5.5
M Cu, and then decreased (I'ig. 2, inserf). The ratio was about 1.0 (0.94) at a growth
medium Cu concentration of 10.5 uM, equivalent to a mean Cu concentration per
plant of 49.0 mg(Cu) kg ' (DM) (Cu concentrations of 55.8 and 47.1 mg(Cu) kg !
(DM) for the roots and shoot, respectively). At mean plant concentrations greater
than this, a decrease in total plant biomass was observed (Fig. 1). By comparison, the
ratio of shoot to root biomass (determined from DM} decreased slightly, and then
increased markedly at growth medium Cu concentrations exceeding 10.5 uM (Lig. 2,
insert). Therefore, although both shoot and root growth were inhibited by Cu in the
growlh medium, the rool biomass was more adversely affected by Cu than that of the
shoot. The leaf biomass represented on average 39 % of the lotal plant biomass over
the range of growth medium Cu concentrations, while the root biomass dropped from
34 10 24 % ol the total plant biomass. Correspondingly, an increase in the percentage
contribution of the stem to total plant biomass was observed (from 27 to 37 %).
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Fig. 3. Principal Components Analysis (PCA) ardination far Phasealus valgaris plants growing at
different Cu concentrations. Analysis of the interrclationships between Cu. Ca, Fe, Mg, 7n, and K
in the plant tissues (R: roots, $: stems, and L unifoliate leaves) growing at nine dilferent Cu
concentrations {0.3-160.5 pM). 2, axes refer (o the ordination scores for the sampics (symbols

detined in figure); ©, axes reter 1o the ordination scores obtained lor the variables represented with
asterixes.

The relativuship beiween Cu and other nutrient (Cu, Ca, Fe, Mg, Zn, and K)
concentrations in the roots, stems and the unifoliate leaves of plants grown at
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different Cu concentrations (Table 1) was examined using PCA (Fig. 3). The values
were scparated primarily along AXIS 1 (representing 34 % of the variance) by the
concentrations of Cu in the roots and leaves (fo the left) and Ca in the stems and
lcaves (fo the righr). AXIS 11, which accounted for 14 % of the variance, was
differentiated by the concentrations of K in the stems and Fe in the leaves. Variables
i the ordination that are in <lose proximity indicate paraineters showing covariation,
For example, the concentrations of Cu in the roots, leaves and stems, and Ca in the
roots, and K in the leaves, they all increase with increasing Cu in the growth medium,
and allogether will be cither high or tow in the plants. Opposing variables indicate
inverse relationships so that at low concentrations of the above, higher Ca
concentrations in the leaf and stem occur. Generally, in the root there was a tendency
for the concentration of all the elements measured, with the cxception of Mg, to
increase with increasing Cu concentration, In the stem there was an inverse
relationship between Cu and the other elements measured, and in the leaves an
mverse relatienship between Ca and the other elements measured.

Photosynthesis and Chl coneentration: Total Chl, Chl ¢ and » concentrations, when
expressed per leaf area, increased in the unifoliate lcaves as the leal’ Cu concentration
increased (Fig. 44). This increase was more marked at leaf Cu concentrations greater
than 80 mg(Cu) kg-!(DM), as was the relative increase in Chl A with respect to Chl a,
thus the ratio Chl ¢/b decreased (Fig. 44, insert). Total Chl concentration in the first
and second trifoliate leaves did not show significant variation {overall mean values
for plants grown at all Cu concentrations were 262414 and 292420 mg m=2 for the
first and second trifoliate leaves, respectively) with increasing leaf Cu concentration.

The Py of the uniloliate leaves, expressed per leaf arca, remained more or less
constant for mean leaf Cu concentrations up to 164.4 mg(Cu) ka-l{DM). and then
increased (Iig. 45). However. the total leal arca per plant decreased with increasing
Cu in the growth medium and total Py per plant in fact decreased (see Figs. 1C and
48). The Py expressed per leal DM decreased with increasing leaf Cu concentration
(Fig. 48). These contrasting results for the expression of Py arose from the fact that
the leaves were smaller in the surface area, but thicker, at the highest growth medium
(i coneentrations, as indicated hy the decrease in the ratio of leafl area to leat DM
(Fig. 48, inseri). The DM per unit leal area increased markedly at the two highest
growth medium Cu concentrations (sce Fig. 1CY. This increase in DM occurred faster
than the increase in P, at corregponding leal Cu concentrations, leading to an
observed decrcase in Py expressed per leaf DM, The increase in Py per leal area
could be accounted for by the increase in total Chl, with the exception of the highest
leat’ Cu concentration (see 1'ig. 4},

Chl fluoreseence was measured on leaves of different ages. The observed trends were
goncerally more marked in elder lcaves, and were cither lower or non-existent in the
youngest leaves. Fj increased with inereasing leaf Cu concentration in the unifoliate
leaves (Fig. 54). This increase was more marked at leat Cu concentrations greater
than 533.4 mg(Cu) kg 1(1>M). There was 1o significant difference in Fp, (overall mean
2.55+0.04) over the range of leaf Cu concentrations. F/F, decrcased at leaf Cu
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concentrations greater than 55.4 mg(Cu) kg-i(DM) (Fig. 55). Similar but smaller
decreases were observed with younger leaves. The t,,, did not show significant
differences with an overall mean value of 50.643.2 ms over the range of leal Cu
concentrations. However, there was a slight decrcase in ) from 51.1+4.0 to 49.5+
4.2 ms over the range 19.1-55.4 mg(Cu) kg''(DM), and subscquently a slight

incrcasc from 49.514.2 to 52.813.1 ms with higher leaf Cu conceniations,

0.6
A
g 0.5 |- L
Y
: oo
N
0.86 5
PN e R}
AN
: 0.80 |—
1 |
0.78 ! A L | 11 1.1 1 i 1
10 100
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Fig. 5. Changes in chlorophy!l fluorescence parameters Ty (4) and F/F,, (B) with increasing Cu
concentration in the unifoliate leaves of Phaseolus vulgaris plants grown at different Cu
concentrations. Values are plotied on a log-log scale. Bars represent SE.

Discussion

The threshold toxic tissue Cu concentrations (Berry and Wallace 1989} of the roots,
stems, and leaves of P vulgaris plants causing a reduction in the respective tissue
biomass were 53.827.4, 19.9+1.3, and 62.4+43 mg(Cu) kg |(DM), respectively.
These concentrations occurred atl a growth medium Cu concentration of 10.5 pM,
and correspond to a toxic total tissue Cu concentration of 49.0 mg(Cu) kg [(DM).
Root growth was more adversely alfected than shoot growth, and consequently the
shoot to root biomass ratio increased. Root growth inhibition by Cu has been
associated with increasing concentrations of abscisic acid and  decreased
concentrations of cytokinins (Vizarovd and Holub 1994) and a gencral interference
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with cell division (Punz and Sieghardt 1993). The threshold toxic total tissue Cu
concentration causing a reduction in root growth was 41.8 mg(Cu) kg'l{DM) for
bean |Cu concentration of 33 6 and 46.6 mp(Cu) kgt (DM) in the roots and shoot,
respectively |, which compares to 35.1 mg(Cu) kg (DM) for rice [Cu concentration
of 134 and 21.5 mg(Cu) kg-'(DM) in the roots and shoot, respectively| (Lidon and
Henriques 1992, 1993). Biomass vields of rice plants decrcased when Cn contents in
the roots and shools were 1683 and 46.5 mg(Cu) kgt (M), respectively (Iidon and
Henriques 1992, 1993). Bean plants encounter Cu differently from rice in the aspect
that Cu is not excluded so rigorously {rem the shoot, and that Cu is more toxic to the
root growth,

The transition point between two absorption phases in a nuatrient-accumulation
log-log plot defines the threshold latent toxicity level afler which higher solution
concentralions are potentially phytotoxic (Berry and Wallace 1989). This solution
concentration was ca. 5.5 uM Cu for the roots and stem of . vulgaris plants. Due to
the linear nature of Cu uplake in the leaves, even the lowest growth medium Cu
concenirations should be considered potentially phytotoxic. Cu is initially excluded
from P. vulgaris roots and stem, whereas the leaf Cu concentration is an indicator of
the growth medium Cu concentration. ‘Thus, at tssue Cu concentrations below the
threshold toxic concentration, Cu is accumulated predominantly in the leaves, and
above that, it is accumulated predominantly in the roots, The Cr content increase in
the stem may have arisen through lateral transpoert, resulling from Cu diffusion into
the xvlem parcnchyma (Bidwell 1979). These uptake characteristics may be
indicative of the following. Firstly, that the Cu uptake into the shoot is controlled by
transport across the endodermis. Cu ions are able to diffusc or {low unrestricted via
the root apoplast through the cortex 1o the endodermis (Bidwell 1979). The uptake,
either by active or passive transport at the endodermis, would thus be dependent on
the external Cu concentration. Continual translocation of Cu to the shool would
maintain maximal uptake rates at the endodermis. Secondly, that when the threshold
latent toxicity level for the root is attained, Cu is taken up inte the root corfex
parcnchymal cells due to a Cu-induced breakdown in the permeability barrier of the
rool cell plasmalemma. This permits the loss of ions and solutes from the root cells,
and allows the passive uplake of others, for example Cu. Altered membrane
permeability may occur through Cu binding to integral membrane proteins or Cu-
induced lipid peroxidation (Sandmann and Béger 1980, De Vos ef al. 1991).

The ohserved covariance in root Ca, Zn, I'e, and Cu concentrations is in agreement
with a change of root cell plasmalemma permeability since these ions can be
immobilized or compartmentalized in the cclls, whereas K and Mg can leak out. The
increased Cu conceniration in the stem wag associated with a decrease in K, Vn_ Ca,
Mg, and I'e concentrations, though with the exception of Ca these were not lower in
the leaves, and Cu might be responsible for a displacement of these elements rather
than an altered uptake. [Towever. the Ca concentrations were inversely correlated
with Cu concentrations in the leaves suggesting that Cu interfered with the uptake of
Ca into the shoot, Antagonistic cffects exist between Ca and heavy metals m
absorption and mectabolism {Kabata-Pendias and Pendias 1984, Berry and Wallace
1989). The reduccd Ca levels in the P. vulgaris leaves may adversely affecr cell
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division and elongation, and be responsible for the obscrved reduction in leaf surlace
area. Runner bean plants (Phaseolus coccineus), treated with excess Cu at the
beginning of primary lcaf growth, had leaves with a reduced surface arca, an
increased leal density, smaller palisade parenchyma cells, and reduced mesophyH cell
volume (Maksymiec ef af. 1995).

Physiological Cu concentrations in wature leal tissue range from 5 o 30 mg(Cu)
kp-{DM) (Kabata-Pendias and Pendias 1984). The majority of this Cu (50-80 %) is
present in plastocyanin, the electron donor of PS1 (Hewitt 1983), and it is also an
intrinsic cemponent ol P32 (Arvidsson er al. 1993). Decreases in F. vuigaris leal
biomass oceurred at mean total leaf’ Cu concentrations exceeding 62.4 mg(Cu) kg-!
{M) and the highest leaf Cu concentration was 364.1 mg(Cu) kg-'(DM). However,
since Chl synthesis and £y were not inhibited it would appear that Cu in the leaf was
sequestered, and that Cu concentrations in the cytoplasm and chloroplast were
physiological. Cu may be scquestered by binding to apoplastic ligands or
metaliothioneins (Lolkema er al/. 1984) or by comparimentalisation in the cell
vacuoele. In rice plants, the Py and photosynthetic capacity were inhibited when shoot
Cu concentrations exceeded 21.5 me(Cu) kg (DM) (Lidon ef al. 1993), though shoot
hiomass did not decrcase untii 46.5 mg(Cu) kg-}(DM) (Lidon and Henriques 1993).

Cu affcets the pigment content and composition of the pigment-protein complexcs
of PS2 (Droppa ef al. 1984, Barén-Ayala ei al. 1992). The observed increase in Chl
content per leaf surface arca in the P. vulgaris plants could arise if the leaf cells were
smaller and contained a normal number of chloroplasts. In runner bean plants treated
with Cu at an carly growth stage, the leaf cells were smaller and contained numerous
chloroplasts (Maksymiec ef af. 1995). Also the antenna size or the pigment content of
both photosystems might have increased (Anderson er a/. 1988), which would tally
with the decrease of the Chl a/b ratio in the P. vudlearis plants. The growth of Cu-
tolerant spinach in excess Cu has also led to a slight, concomitlant increase in total
Chl, carotenoids, and lipoquinones content, though the Chl a/b ratio was unchanged
(Baszynski ef al. 1982). Yet the growth of rice in excess Cu causes chlorngis (Tidon
and Henriques 1991). In runner beans treated with Cu at an carly growth stage, the
Chl content increased on a leaf area basis, while chlorosis was observed in plants
treated with Cu at the final stage of primary leal growth (Maksymiec er of. 1995),
The regulatory cffect of Cu on Chl synthesis seems to be dependent on the plant
species, the capacily to sequester Cu, and the plant growth stage.

Chl fluorescence indicated that a slight reduction in PS2 photochemisiry efficiency
occurred in P, vulgaris plants. The Iy is considered to represent the fluorescence
cmission by excited antenna Chl ¢ molecules before the migration of excitons 1o the
PS2 reaction centres (Krouse and Weis 1991), Inercases in Fy arisc after the
destruction of reaction centres (Krause 1988) due to impedence of the electron flow
from the antenna Chl a/b LHC to Pggy (Krause and Weis 1991), and due to an
increase in the size of the Chl /b LHC (Lichtenthaler 1988, Oquist amd Wass 1988).
An incrcase in antenna size would be in agreement with the decrcase of the Chi a/b
ratio observed with increasing leat Cu concentration in this study, but the other
possibilities given above can not be ruled out. A decreasc in F /I, has been widely
used as a measure of the physiological state of the photosynthetic apparatus after
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stress, and it indicates a decrcase in the cifficiency of the primary photochemistry of
PS2 (Bolhar-Nordenkampt er al. 1989, Krause and Weis 1991). A significant change
in t|,, which is considered to be proportional to the pool size of electron acceptors
on the reducing side of PS2 (Krause and Weis 1991), was not observed in the P.
vulgaris plants, Cu-induced changes in the lipid composition of the thylakoid
membrance may affect membrane integrity (Baron-Ayala et af. 1992), and adverscly
affeet the microenvironment of some electron transport componcnls leading to
changes in PS2 photochemistry efficiency. This reduction in efficiency was not
sufficient to be rate limiting for I\ vidgaris CO5 fixation. Decreases in Iy and F /T,
have also been observed in wheat growing in cxcess Cu, suggesting that Cu affected
primarily the light reactions of photosynthesis (Lanaras ef af. 1993), in Cu-treated
rice (Lidon er @/, 1993), and in runner bean plants treated with Cu al the final stage of
primary leaf growth (Maksymicc er al. 1994).

Photosynthetically, 7. vulgaris plants demonstrate a high tolerance to Cu even
though plant growth is significantly inhibited. The maintenance of high P would
provide photosynthate for cell metabolism and ATP production, to compensate for
exira energy requircments, and to keep the cell electrochemically neutral. The
increase n total Chl and a relative mcrease in Chl & suggest that Cu-stressed plants
have a higher light-harvesting capacity. However, Cu does slightly reduce the
efficieney of PS2 photochemistry.
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