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ABSTRACT

Concentrations of total nonstructural carbohydrates (TNC), soluble carbohydrates, starch, sucrose, glucose,
fructose, raffinose, galactose, stachyose, mannitol and specific activities of soluble acid (Al) and neutral (NI) in-
vertases, sucrose synthase (SuSy), hexokinase (HK), fructokinase (FK), glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) and glucose 6-phosphate dehydrogenase (G6PDH) were analyzed in fine roots of Populus deltoi-
des Bartr. ex Marsh growing at a polluted site (near copper smelters) and a control site (free from heavy pollu-
tion). Also chemical properties of the soil from both sites were assessed. In comparison with the control, fine roots
from the polluted site contained greater concentrations of TNC, soluble sugars, starch and sucrose but less hexo-
ses, so they had higher values of sucrolysis index (sucrose/hexoses). The activity of Al, NI and SuSy declined in-
significantly, while specific activities of HK, FK, GAPDH and G6PDH were significantly inhibited. The results
suggest that a long-term heavy metal stress leads to an accumulation of carbohydrates and altering activities of
glycolysis and the oxidative pentose phosphate pathway in fine roots.
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colysis, heavy metals.

INTRODUCTION

Many publications document the harmful effects of hea-
vy metals on plant growth, and roots are the plant organs
that suffer frequently from it (Breckle 1991). A large group
of heavy metals can directly or indirectly alter root elonga-
tion and biomass (Arduini et al. 1995; Di Baccio et al.
2003), disturb water relations and mineral nutrition (Gouia
et al. 2000), cause oxidative damage of tissues (Landberg
and Greger 2002; Pukacki and Kaminska-Rozek 2002;
Schiitzendiibel and Polle 2002), affect the activity of some
enzymes (Arisi et al. 2000; Gouia et al. 2000; Lagriffoul et
al. 1998; Mattioni et al. 1997; Van Assche and Clijsters
1990), and change carbohydrate levels (Brunner et al.
2002; Greger and Bertell 1992; Jha and Dubey 2004).

Among carbohydrates, the most important role in plants
is played by sucrose. It is the major energy-storage compo-
und, the main sugar transported in sieve tubes, a substrate
for biosynthesis of amino acids, fatty acids and many other

* Preliminary results of this study were presented at an International Con-
ference on Eco-engineering, held on 13-17 September 2004 in Thessa-
loniki, Greece

plant components, and a compound affecting the mechani-
sms of osmoregulation (Farrar et al. 2000; Koch 2004; Ro-
itsch 1999). Moreover, sucrose induces signal transduction
and — like glucose — is a signal molecule, controlling direc-
tly or indirectly the expression of respective genes and en-
zymatic activity, transmitting information on the course of
physiological processes in individual source and sink
organs (Ho et al. 2001; Koch 2004; Smeekens 2000).

In plant roots, sucrose is chiefly degraded and the resul-
tant hexoses and their derivatives are used as sources of
energy and carbon skeletons, which are necessary for
growth, development and accumulation of storage compo-
unds (Sturm and Tang 1999).

Little is known about the effects of heavy metals on car-
bohydrate metabolism in the roots. The available data are
most often results of studies performed under controlled,
laboratory conditions, concerning mainly changes in con-
centrations of soluble sugars and starch (Costa and Spitz
1997; Greger and Lindberg 1986; Kim et al. 2003). There-
fore to obtain more conclusive information on alterations
induced by heavy metals in carbohydrate metabolism, we
intended to study changes in the activity of enzymes invo-
Ived in sucrolysis and glycolysis and the levels of particu-
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lar sugars in fine roots of Populus deltoides trees growing
for several decades at two sites: one located in the buffer
zone of copper smelters and the other in an area free from
direct industrial pollution. Poplars were chosen for this stu-
dy because of their economic importance (Karacic et al.
2003), resistance to atmospheric pollution (Szadel et al.
2003), ability to survive and grow on metal-contaminated
soils, and potential use for phytoremediation (Di Baccio et
al. 2003; Dinelli and Lombini 1996; Pulford and Watson
2003; Robinson et al. 2000; Vandecasteele et al. 2002).

MATERIALS AND METHODS

Site description

Copper smelters and refineries (KGHM Polska MiedZ
S.A.) at Glogéw (51°40°N, 16°05’E) consist of two parts:
the first (“Glogéw I”) operating since 1971, and the other
(“Gtogow II"), since 1979. The technology is based on
melting copper concentrates in shaft furnaces in “Glogéw
I”, and in fluidized-bed furnaces in “Gtogéw II”’. The main
types of pollutants emitted by the “Glogéw” smelters inc-
lude: CO, particulates containing metals, and H,SO,,. In the
last few years the emission of pollution into the air decli-
ned, mainly thanks to the replacement of shaft furnaces by
fluidized-bed furnaces in “Glogdéw I”, installation of equip-
ment for de-sulfuration of fumes, and modernization of the
sulfuric acid factory. Mean annual concentrations of SO, in
the zone surrounding the “Glogéw” smelters do not exceed
the level allowed in the EU (20 pg m?) (source: KGHM
Polska MiedZ S.A., www.kghm.pl).

In the spring of 1977, workers of the Institute of Dendro-
logy established experimental plots on former farmland in
buffer zone A of the “Glogéw” smelters (i.e. about 1000
m away from the source of pollution), and planted there
hardwood cuttings of several poplar species originating
from the collection “Populetum” of the Institute. Control
plots were established at Koérnik (52°15°N, 17°04’E), in
a habitat free from direct industrial pollution. Thus the tre-
es growing on both plots derive from the same source ma-
terial and because of their genetic homogeneity, are good
objects for the investigations. Any differences in metabolic
activity should result from differences in environmental
conditions.

Since 1977, many of the trees planted near copper smel-
ters (in the polluted site) have died spontaneously or have
been felled for various reasons (sometimes scientific). At
present, poplar trees growing there are characterized by sa-
tisfactory growth in height, but their radial growth is slo-
wer, tree crowns are poorly developed, and dead branches
are not shed for long periods. Their leaves develop in
spring relatively quickly and abundantly, but are shed quic-
kly and are prone to infection by various pathogens. Howe-
ver, in the last three growing seasons, we did not observe
on leaf blades any discoloration or injuries characteristic of
industrial pollution.

Plant material

For this study, six cottonwoods (Populus deltoides Bartr.
ex Marsh) were selected at each site. Fine roots ((J <1-2
mm) were used as experimental material. Mycorrhizae as-
sociated with roots were regarded as parts of the roots. At
the polluted and control sites, samplings of the fine roots
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were done on October 9-10, 2002 at the same time of the
day (between 1100 and 1230 h). Fine roots were collected
from the upper soil horizon (10-20 cm depth), after remo-
val of A. After collection, the roots were quickly washed
in water, manually separated from the soil and from roots
of annual plants, then soaked in liquid nitrogen and kept at
-80°C till required. All visibly dead roots were removed.

Mineral analysis of the soil

The chemical composition of the soil from the rooting
zone of each of the six selected trees was analyzed accor-
ding to standard research methods. Soil samples were air-
dried, crushed, and sieved to 1 mm particle size with a pla-
stic sieve. Total concentrations of Cu, Cr, Ni, Fe, Ca, Mn,
Mg, K, P, Pb, Zn, and Cd in the soil were determined in the
solution obtained after perchloric acid digestion. Concen-
trations of the forms of metals available to plants were de-
termined after extraction with EDTA. Metals were analy-
zed by either flame or graphite furnace atomic absorption
spectrometry (AAS). N was measured by the Kjeldahl me-
thod and S by the coulometric method. Concentrations of
S-SO,, N-NO; and N-NH, were determined on an ion-
exchange chromatograph (Dionex-100). Analyses of ele-
ments were made in the Institute of Botany, Polish Acade-
my of Sciences, Krakéw, Poland. Soil pH was assessed in
bi-distilled water and in KClI solution.

Carbohydrate analysis

Total nonstructural carbohydrates (soluble and starch)
extractions and determinations were performed as previou-
sly described (Lorenc-Plucinska et al. 2001). To extract su-
crose, glucose, fructose, raffinose, stachyose, galactose and
mannitol, root tissues were homogenized in a mixture of
methanol, chloroform and water (12:5:3 v/v), and quantita-
tively determined using a HPLC system (Waters) fitted
with a Sugar Pack I column (Waters) and a refracting index
detector (Waters). A detailed description of the procedure
is given by Lorenc-Plucinska et al. (2001).

Enzyme extractions

All procedures were carried out at O to 4°C. Tissue pre-
paration for enzyme extraction was performed according to
the procedure of Copeland and de Lima (1992) with minor
modifications. Two-gram frozen root samples were ground
in a mortar with 5 ml of grinding medium containing 50
mM Tris-HCI (pH 7.5), 1 mM EDTA, 2 mM DTT, 6%
(w/v) PVP-40, and 1% (w/v) PEG-20M. The extract was
filtered through Miracloth and centrifuged at 20 000 g for
20 min. With the exception of sucrose synthase, extractable
activities of enzymes were assayed after desalting the su-
pernatant through BioRad Econo-Pac columns equilibrated
with 50 mM Tris-HCI1 (pH 7.5). The activity of sucrose
synthase was estimated in crude tissue extracts because
after desalting the activity of this enzyme was often below
detection level.

Enzyme assays

Sucrose synthase (SuSy; EC 2.4.1.13) was assayed in the
cleavage direction according to Huber (1989). Acid (AI)
and alkaline (NI) invertases (EC 3.2.1.26), fructokinase
(FK; EC 2.7.1.4) and glucose 6-phosphate dehydrogenase
(G6PDH; EC 1.1.1.49) were assayed following the method
reported by Copeland and de Lima (1992). The activity of
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hexokinase (HK; EC 2.7.1.1) was determined as described
by Sung et al. (1993), while glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; EC 1.2.1.12) was estimated with
the method of Zammit and Copeland (1991). The enzyme
activity was referred to the protein content of each sample.
Soluble proteins were determined in the supernatant by the
Bradford dye-binding assay (Bradford 1976), using a com-
mercial dye reagent from BioRad and bovine serum albu-
min as a standard.

Statistics

All results are presented as the mean values (£SE) obtai-
ned from at least six independent replicates. The exact
number of replicates is given in the tables. Data were ana-
lyzed with STATISTICA 6.1 software (Statsoft Inc.,
USA). Means from the control and polluted site were com-
pared by using the t-Tukey HSD (Tukey’s honestly signifi-
cant difference) test.

RESULTS

Soil characteristics

Results of the assessment of pH and total and EDTA-
extractable fractions of the selected elements in soil sam-
ples from the polluted site (near copper smelters “Gto-
g6éw”) and the control site (Ko6rnik) are shown in Tables 1
and 2. The soil from the polluted site was weakly acid and
had a lower pH than the soil from the control site. Total N,
N-NH, and N-NO, concentrations as well as total Ca and
Ca-EDTA extractable in the soil samples from the polluted
site were also lower than in the control site. For mean con-
centrations of S, K, P and Mg, the reverse was observed
(Table 1).

The concentrations of heavy metals in soil samples from
the polluted site were much higher than in the control site:
258 times for Cu, 37 times for Pb, 3.6 times for Ni, 3.2 ti-
mes for Cd, 2.9 times for Zn, 2.3 times for Cr, 1.9 times for
Mn and 1.7 times for Fe (Table 2). Except for Cr, Fe, Ni
and Mn, similar differences were noted for the concentra-
tions of EDTA-extractable fractions of the different metals
(Table 2).

TABLE 1. Mineral composition and pH of soil samples from the rooting
zone of Populus deltoides in the polluted and control sites®.

Soil parameters Control site Polluted site

N total (%) 0.22£0.004 0.14£0.007%#%**
N-NH, (ng g™ 15.3240.44 4.30£0.67%**
N-NO; (ug g'h) 11.47+0.17 9.7240.676%*
S total (%) 0.03£0.001 0.04£0.001#**
S-S0, (ug g™ 27.25+1.83 23.67£1.15
Catotal (ng g'") 9044£282 2571£105% %%
Ca—EDTA (ug g') 529670 606231.8%7
Mg total (ug g'!) 821.7+22.7 15244317555
Mg - EDTA (ng gh) 56.82+2.03 54.88+2.3
K total (ug g 716£17.6 222443 5%k
K - EDTA (ug g 95.37+2.46 208.4£9.04%#**
P total (ug g'") 506.7£51.7 543.3+£26.1
P-PO, (ng g') 166.5+6.44 221.5+21.8*
pH w H,O 7.45%0.026 6.53£0.07%#%*
pH w KCl 7.23+£0.024 5.8010.13%*%*

4 Mean values = SE from 9 random samples. *, **, ##%* significantly dif-
ferent from the control at P<0.05, P<0.01 and P<0.001, respectively.
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TABLE 2. Heavy metals in soil samples from the rooting zone of Populus
deltoides in the polluted and control sites®.

Heavy metals (ng g Control site Polluted site

Cd total 0.36+0.029 1.10£0.046%%*
Cd - EDTA 0.09+0.002 0.35+0.022%%*
Pb total 11.59+0.225 411.13£9.33%%*
Pb - EDTA 4.87+0.11 255.3+16.6%%%*
Zn total 31.75+0.91 98.02+4.6%%*
Zn—-EDTA 6.56+0.39 36.54+2.06%#%*
Cu total 4.53+0.15 1174.75+69.93%%*%*
Cu—-EDTA 2.31+0.09 849.7£52.7#%%
Cr total 13.08+0.31 31.38+0.48%#%*
Cr-EDTA 0.54+0.034 0.254+0.013%#%%*
Ni total 2.77+0.057 9.72+0.39%**
Ni—-EDTA 0.86+0.021 0.90+0.019
Fe total 6014+58 10737+112%%%*
Fe - EDTA 581.9£10.1 214.248.3%%%
Mn total 170.7+4.3 339.944.9%**
Mn - EDTA 118.5+1.7 124.8+3.7

4 Mean values = SE from 9 random samples. *** significantly different
from the control at P<0.001.

Carbohydrate concentrations

Concentrations of total nonstructural carbohydrates
(TNC, i.e. the sum of concentrations of soluble carbohy-
drates and starch), starch, sucrose and galactose were hi-
gher in fine roots of trees from the polluted site than in the
control, while the opposite was observed for fructose and
raffinose (Table 3). No significant differences were detec-
ted in glucose, stachyose and mannitol concentrations of fi-
ne roots between the two sampling sites (Table 3).

Enzyme activities

In fine roots of trees growing at the polluted site, specific
activities of sucrose-metabolizing enzymes, acid (Al) and
neutral (NI) invertases and sucrose synthase (SuSy) were
only insignificantly lower (14-20%, P>0.05) than in the
control site. In contrast, the activities of enzymes associa-
ted with glycolysis (HK, FK and GAPDH) and the oxidati-
ve pentose phosphate pathway (G6PDH) were significantly
lower than in the control site (Table 4).

DISCUSSION

Soil characteristics

The chemical characterization of the soil samples from
the rooting zone of cottonwoods growing in the area of
copper smelters “Glogéw” revealed severe soil contamina-
tion with heavy metals (Table 2). Total Cu, Pb, Cd and Zn
concentrations in the soil from the polluted site were simi-
lar to those recorded in the soil samples from the rooting
zone of Calamagrostis epigejos and Elymus repens gro-
wing near “Gtogéw” (Lehmann and Rebele 2004) and also
in contaminated soil from the vicinity of other copper
smelters (Dinelli and Lombini 1996; Rebele et al. 1993).
Copper and lead concentrations in the soil exceeded the
critical levels 125 pg g'! Cu and 400 pg g! for Pb, and in-
dicate phytotoxicity (Allowey 1995).

The total concentration of a metal in the soil is not a valu-
able indicator of its mobility and availability to plants (Dai
et al. 2004; Dinelli and Lombini 1996). The latter is better
characterized by metal-EDTA extraction (Kabata-Pendias
and Pendias 2001). The EDTA-extractable metal concentra-
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TABLE 3. Concentrations of starch (mg of glucose g'! DW) and total
nonstructural [TNC defined as a sum of soluble sugars (STNC) and
starch] carbohydrates (mg of glucose g'DW), and sucrose, glucose, fruc-
tose, raffinose, stachyose, galactose, mannitol (mg g-! DW), and sucroly-
sis index (sucrose/hexoses) in fine roots of Populus deltoides®.

Carbohydrate parameters Control site Polluted site

Starch 9.69+0.44 13.02+1.42%*
TNC 23.45+1.54 28.49+2.14%*
sTNC 15.08+1.14 16.42+1.58
Sucrose 5.71+0.47 7.6910.47%*
Glucose 2.46%0.18 2.18+0.33
Fructose 2.65+0.19 2.02+0.22%
Raffinose 3.08+0.18 1.94£0.12%%%*
Stachyose 0.78+0.04 0.72+0.06
Galactose 0.46£0.03 0.59+0.08*
Mannitol 0.64£0.11 0.47£0.05
Sucrolysis index 1.14+0.07 1.64£0.17%%

2 Mean values £ SE from 6-12 random samples. *, **, *#% gjgnificantly
different from the control at P<0.05, P<0.01 and P<0.001, respectively.

TABLE 4. Specific activities (nkat mg™!' protein) of enzymes catalyzing
sucrose breakdown [acid invertase (AI), neutral invertase (NI) and
sucrose synthase (SuSy)] or glycolysis [hexokinase (HK), fructokinase
(FK) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)], and of
an enzyme of the oxidative pentose phosphate pathway [glucose 6-phos-
phate dehydrogenase (G6PDH)], and concentration of soluble proteins
(mg g'! FW) in fine roots of Populus deltoides®.

Enzyme parameters Control site Polluted site

Al 5.06+0.35 4.24+0.3
NI 5.58+0.52 4.93+0.54
SuSy® 54.88+4.85 47.99+4.24
HK 1.26x0.15 0.64+0.11+%*
FK 1.03£0.14 0.607£0.075*
GAPDH 0.33+0.03 0.199+0.01%*
G6PDH 0.88+0.16 0.28+0.047#*
Soluble proteins 8.87£0.62 12.46+0.97*

2 Mean values = SE from 6-12 random samples. *, ** significantly differ-
ent from the control at P<0.05 and P<0.01, respectively.
b SuSy activity was assayed in crude extracts.

tions were lower than total concentrations in the control and
polluted soils (Table 2). However, the proportion of total
Cu (72%), Pb (60%), Zn (37%) and Cd (33%) contained in
the EDTA extract was substantially higher in the polluted
soil than in the control (Cu 50%, Pb 41%, Zn 20% and Cd
24%). It could be also expected that metal solubility and
mobility will be enhanced because of the lower pH (Dai et
al. 2004; Dinelli and Lombini 1996; Séguin et al. 2004) in
the soil from the polluted site than in the control (Table 1).

Carbohydrate metabolism in fine roots

Total concentrations of nonstructural carbohydrates
(TNC) in fine roots differ significantly between the two
analyzed areas (Table 3). Concentrations of starch and so-
luble sugars were elevated in fine roots from the polluted
site. An accumulation of carbohydrates in fine roots of tre-
es growing in a soil contaminated with heavy metals seems
to indicate inhibition of starch hydrolysis and disturbances
in carbohydrate metabolism. Consistently with that sugge-
stion, there was an increase in sucrose and a decrease in
hexose concentrations and a rise in the sucrolysis index
(i.e. sucrose/(glucose+fructose) (Table 3). These differen-
ces may reflect a blockage in the utilization of sugars in fi-
ne roots under heavy metal stress. On the other hand, the
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accumulation of carbohydrates in fine roots from the pollu-
ted site (Table 3) could be also partly a consequence of im-
paired nitrogen metabolism (Balsberg-Pahlsson, 1989) and
Ca?*deficiency (Greger and Bertell 1992), as total N,
N-NH, and N-NO; concentrations, and total Ca and
Ca-EDTA extractable were significantly lower in the soil
samples from the rooting zone of trees in the polluted area
than in the control (Table 1). In fine roots from the polluted
site, raffinose concentration was lowered and galactose
concentration increased (Table 3), which could be related
to formation of free radicals under the influence of toxic
metals (Costa and Spitz 1997).

The catabolism of sucrose is mediated by invertases and
sucrose synthase (Koch 2004). On the basis of pH optima
and subcellular locations, sucrose synthase and both neu-
tral and alkaline invertases are thought to be located in the
cytoplasm, while acid invertases, in vacuoles (soluble
forms) and the cell wall (insoluble forms) (Sturm 1999).

The specific activities of Al, NI and SuSy were slightly
lower in fine roots from the polluted site than in the control
(Table 4). Therefore, the increased sucrose level in fine ro-
ots from the polluted site could result not from lowered su-
crolysis (then sucrose level would be constant) but proba-
bly from a greater capacity for sucrose synthesis (Jha and
Dubey 2004) or efficiency of carbon allocation to roots
(Liu and Tyree 1997).

HK and FK catalyze the first enzymatic reactions of gly-
colysis and GAPDH is a key enzyme in glycolysis and glu-
coneogenesis (Plaxton 1996). In fine roots from the pollu-
ted site, the specific activities of HK, FK and GAPDH we-
re reduced (Table 4). Therefore, it could be speculated that
heavy metal stress inhibited carbon flux in glycolysis. Con-
sequently, a lowered production of carbon skeletons, ATP,
reductants [NAD (P)H], and pyruvate could be expected.
Impairments in the generation of reducing power
(NADPH) for anabolic pathway could be also due to the
strong reduction of specific activity of G6PDH (Table 4),
the main enzyme of the oxidative pentose phosphate path-
way (Kruger and Von Schaewen 2003). On the other hand,
decreased specific activities of HK, FR, GAPDH and
G6PDH in fine roots from the polluted site could, at least
partly, result from reduced levels of their substrates, i.e.
glucose and fructose and phosphorylated hexoses.

In conclusion, the accumulation of soluble carbohydrates
and starch deposition (Table 3), the increase in the level of
soluble proteins and the changes in the specific activities of
assayed enzymes (Table 4) observed in fine roots from the
polluted site, are characteristic for a period of storage (Iraqi
and Tremblay 2001; Loescher et al. 1990; Nguyen et al.
1990). Therefore we suggest that already in early October
the growth and development of fine roots of poplar trees
were stopped at the site contaminated with heavy metals.
In the last three growing seasons we observed that leaf se-
nescence and shedding were also earlier in those trees than
in the control. This indicates that poplars (Populus deltoi-
des) growing for several decades in polluted habitats are
characterized by a shorter growing period.
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