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Abstract This study was carried out to investigate the
effect of very high cadmium concentrations (50 and
500 mg Cd g–1 soil) on some biochemical and microbio-
logical measurements under laboratory conditions in-
volving daily soil samplings. The data for both DTPA-
and water-soluble Cd showed two distinctive patterns
during soil incubation; from 0 to 4 days, values were
about 50–500 and 1–100 mg g–1 dry weight soil, whereas
they decreased markedly after 7 days. Both daily respi-
ration and the ATP content but not the microbial bio-
mass C determined by the fumigation–extraction meth-
od were lowered by high DTPA- and water-soluble Cd
concentrations. Dehydrogenase and phosphatase activi-
ties as well as both enzyme activity :microbial biomass
ratios were decreased by the high DTPA- and water-
soluble Cd concentrations. In the first 2 days of incuba-
tion, the metabolic quotient (qCO2) was also decreased
by the highest values of available Cd. The early (after
6 h) mineralization of L- but not D-glutamic acid to
CO2 was inhibited during the 0–4 day incubation period
by the highest Cd concentration. Possibly the L-enan-
tiomer was used by a larger fraction of soil microorgan-
isms than the D-enantiomer or, if they were used by the
same fraction of soil microorganisms, the D-enantiomer
was mineralized at a lower rate. The L- : D-glutamic acid
respiration ratio was decreased by the high available
Cd content because under polluted conditions soil mi-
croorganisms probably discriminated less between the
two stereoisomers of glutamic acid.
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Introduction

Cadmium is characterized by a relatively high environ-
mental mobility so that it can easily be transferred to
plants and humans. It was the most toxic heavy metal
when the effects of Cd, Zn, Cu and Pb on both nitrifi-
cation and denitrification activities in soil were com-
pared (Babich and Stotzky 1985). However, a better
understanding of its effect on the microbiological activ-
ity of soil is required. There is a general consensus that
soil microbiological activity may hold potential as an
early and sensitive indicator of stress in soil quality
(Brookes 1995). The main reasons are that soil mi-
crobes react quickly to stressful factors and that they
are evenly distributed in the soil.

Investigations on the effect of heavy metals on mi-
crobial activity and the composition of the microbial
community are generally based on measurements of
microbial biomass, composition of phospholipids,
whole soil fatty acid profiles, enzyme activities, respira-
tion, nitrification and mineralization of added sub-
strates caused by particular microbial species (Hattori
1989; Frostegârd et al. 1993; Nannipieri 1994; Brookes
1995; Leita et al. 1995; Giller et al. 1998).

The soil microbial biomass can be accurately esti-
mated by different methods such as the adenosine 5b-
triphosphate (ATP) content, substrate-induced respira-
tion and the fumigation–extraction method; it is af-
fected by heavy metal exposure under field conditions
(Brookes 1995). However, biomass and activity of the
soil microbial communities are not the same in princi-
ple and early effects on microbial processes may be de-
tected by measurements of microbiological activities
rather than by the determination of the microbial bio-
mass content. Indeed some of the microbial processes
can be negatively affected by heavy metal exposure, al-
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though these negative effects do not necessarily cause
microbial death and consequently a decrease in micro-
bial biomass. Microbiological activity is a complex pic-
ture of metabolic processes and thus it cannot be evalu-
ated by measuring a single parameter but instead re-
quires the simultaneous determination of more param-
eters (Nannipieri et al. 1990). However, it is not feasi-
ble to measure many parameters and a selection needs
to be made by choosing the parameters that are the
most sensitive. Another problem is to find indices com-
bining various measured parameters to quantify
changes in soil quality. The ratio between two mea-
sured parameters represents an easy combination of
two different measurements in a single criterion which
can give some indications on changes occurring in mi-
crobiological activity.

Anderson and Domsch (1990) proposed two eco-
physiological parameters: qCO2 (the metabolic quo-
tient: which is the ratio between the respiration and the
microbial biomass) and qD (the C-loss quotient based
on microbial-C loss determined weekly), for studying
the effect of pollution on microbial energy demand and
microbial biomass-C loss. The qCO2 has been consid-
ered a good index of heavy metal-induced stress in soil
(Brookes 1995) because high qCO2 values were found
in long-term contaminated soils (Brookes et al. 1986).
However, lower qCO2 values have been also found in
metal-contaminated soils (Bââth et al. 1991; Insam et
al. 1996) probably as the result of the utilization of dif-
ferent substrates by microorganisms of polluted soils
than those used by microorganisms of unpolluted soils
(Insam et al. 1996). A decrease in qCO2, especially in
Cd-polluted soils, was observed under laboratory and
field conditions (Palmborg and Nordgren 1996). Both
qCO2 and qD values were increased in heavy metal-
polluted soils under laboratory conditions (Leita et al.
1995). Addition of heavy metals to soils can kill part of
the soil microbial biomass and the following increased
respiration may be due to the decomposition of killed
microbial cells by the surviving microorganisms.

The substrate induced respiration (SIR) of different
soils amended with some amino acid isomers was signif-
icantly higher for L-isomers than for D-isomers (Hop-
kins and Ferguson 1994). This depends on the fact that
L-amino acids are more abundant than D-amino acids
as constituents of microbial polymers. The most com-
mon D-isomers, D-alanine and D-glutamic acid, are
present in bacterial cell walls. It was proposed that the
L- : D-amino acid respiration ratio (L : D ratio) is a sensi-
tive parameter of microbial stress in soil because it de-
creased when qCO2 increased under acidic conditions
(Hopkins et al. 1997). Under such conditions soil mi-
croorganisms probably discriminated between amino
acid enantiomers to a lesser extent than non-stressed
microorganisms as a response to a greater demand for
energy supplier substrates.

Information on the relative toxicity of different me-
tals on microbial activity and soil microflora composi-
tion can be obtained by short-term ecotoxicological la-

boratory studies. According to Giller et al. (1998) these
studies provide insights on microbial processes and
biodiversity of soil microflora population but they are
not comparable to the field situation where the metal
exposure persists with time and usually there is a grad-
ual increase in the soil metal concentration. In addition,
under field conditions the polluted soil is often contam-
inated with more than one metal. Studies involving the
incorporation of heavy metaL-polluted sewage sludge
into soil are problematic because it is difficult to sepa-
rate the adverse effect of heavy metals from the stimu-
latory effect of organic compounds on microbial activi-
ty (Brendecke et al. 1993; Witter et al. 1993).

The aim of this study was to investigate the toxicity
of Cd on several microbiological and biochemical pa-
rameters under laboratory conditions with unusually
high Cd concentrations so as to artificially stress the
soil microbial community. Very high Cd concentrations
were used because a previous experiment under the
same laboratory conditions showed that no changes
were induced in the biomass and microbiological activi-
ty of different soil by the addition of lower Cd concen-
trations (Landi et al. 1997). A comparison of Cd effects
on qCO2, the L- : D-glutamic acid respiration ratio and
the enzyme:microbial biomass ratio was carried out to
assess the sensitivity of these ratios to the heavy metal.
Among the amino acids we chose glutamic acid for its
central role in microbial metabolism and because its
mineralization was found to be retarded in heavy me-
tal-polluted soils (Nordgren et al. 1988).

Materials and methods

Soil used and soil treatment

A forest soil was surface sampled (0–10 cm) from Fregene (20 km
from Rome), sieved (2 mm) and stored moist in plastic bags at
4 7C. The soil had the following characteristics: 6.7% meq/100 g
CEC, 2.27% organic C, 0.09% total N, 4.8 pH (H2O), 87% sand,
8% silt and 5% clay. Before treatment, the soil sample was kept
at 25 7C for 4 days to reduce the effects of sampling and storage
disturbance. Moist soil samples (corresponding to 100 g d.w. soil)
were treated with distilled water (control) or CdSO4 solution to
give 0, 50 or 500 mg Cd g–1 d.w. soil and 50% of the maximum
water-holding capacity (WHC). The addition of the Cd solution
did not change the soil pH. Soils were then incubated at 25 7C for
0, 1, 2, 3, 4, 7, 14, 21 and 28 days, in sealed 1-l flasks equipped
with two vials containing 4 ml 1 M NaOH to trap the evolved CO2

and one with 5 ml of water to prevent soil desiccation, respective-
ly. Flasks incubated for a period longer than 7 days were aerated
weekly to ensure a sufficient oxygen supply and the NaOH solu-
tion was removed, titrated and replaced by a fresh one. At each
sampling time, the soil (100 g) was split into subsamples for the
different analyses.

Glutamic acid mineralization

Soil subsamples (equivalent to 20 g d.w. soil) were placed in plas-
tic beakers and amended with a fine powder of 2 mg of L- or D-
glutamic acid and 0.5 mg of talc (inert carrier) g–1 d.w. soil; the
amount of added substrate was that inducing the maximum rate
of respiration. The soil was mixed thoroughly with a spatula so as
to ensure an even distribution of the amendment. The plastic



10

beakers were placed in 1-l flasks containing two vials, one with
1 M NaOH to adsorb the evolved CO2 and the other one with
distilled water. The flasks were closed, incubated at 25 7C and the
evolved CO2 determined after 6 and 24 h. The amount of mineral-
ized amino acid at 6 and 24 h was calculated by subtracting the
value of basal respiration assuming that the addition of the amino
acid did not influence the decomposition of native soil organic
matter.

Measurements of microbial biomass, respiration, ATP content
and enzyme activities

Microbial biomass-C was determined by the fumigation–extrac-
tion (FE) method (Vance et al. 1987). Respiration was deter-
mined following the procedure by Stotzky (1965) after trapping
CO2 in 1 M NaOH, precipitation of carbonates was with 0.375 M
BaCl2 and automated titration with 0.1 M HCl. All samples were
corrected for the CO2 content of blanks. The ATP content of soil
was determined by the firefly luciferin–luciferase enzyme assay as
described by Ciardi and Nannipieri (1990). Respiration of L- and
D-glutamic acid was determined as reported by Anderson and
Domsch (1978). Phosphatase and dehydrogenase activities were
measured as reported by Tabatabai and Bremner (1969) and von
Mersi and Schinner (1991), respectively.

Chemical analyses

Water- and DTPA-soluble Cd were determined in the following
way: 20 g soil was shaken with 100 ml of water or DTPA-TEA
solution (pH 7.3) according to Lindsay and Norwell (1978), for
2 h; the mixture was then centrifuged (5000 rev min–1) and the
supernatant filtered through Whatman 42 filter paper. Cd concen-
trations were measured by atomic absorption spectroscopy (Per-
kin-Elmer 5500). The soil pH was measured potentiometrically in
water (1 :2.5 w :v).

Statistical analysis

The data reported are mean values of three replicates with rela-
tive standard deviations. LSD analysis was also carried out, fol-
lowed by the Tukey test (0.5 level) in order to assess the signifi-
cance of the differences.

Results and discussion

The available Cd, K2SO4 extractable organic C, L- and
D-glutamic acid respiration showed a distinctive behav-
iour when data for days 0–4 and days 7–28 were com-
pared. Differences between values within each period
were generally not significant whereas they were signif-
icant between the two periods. For this reason the per-
centage of available Cd with respect to the amount ad-
ded to soil (Table 1), K2SO4 extractable organic C (Ta-
ble 2), and L- and D-glutamic acid respiration (Table 4)
were averaged in the two periods considered.

Cd availability

The amount of the total Cd added to soil extracted by
DTPA was higher than the respective amount extracted
by water (Table 1). However, both the fractions
showed similar patterns as the water-soluble and

Table 1 Average percentage of the available Cd respect to the
total metal added to the soil and extracted by either DTPA or
water in the 0–4 or 7–28 day incubation periods

Incubation
time (days)

DTPA-extractable Cd
(%)
Treatments

Water-soluble Cd
(%)
Treatments

50 mg
Cd g–1

500 mg
Cd g–1

50 mg
Cd g–1

500 mg
Cd g–1

0–4 100B1.2a 100B2.5 2B0.2 20B5.6
7–28 5B2.3 5B1.3 NDb 2B0.4

a Standard deviation
b ND p below the detection limit

DTPA-extractable Cd markedly decreased after 4 days.
This was probably due to adsorbtion of Cd by mineral
and organic soil colloids, accumulation by microorgan-
isms or precipitation as insoluble compounds.

Extraction of Cd from soil either by water or by
DTPA is thought to give an estimate of the plant-avail-
able Cd (Haq et al. 1980) and also of the heavy metal
fraction potentially affecting the soil microflora. In par-
ticular, the use of DTPA mimics that of either plants or
microorganisms, because it forms chelates with the free
metal in solution, lowering its ionic activity so that an
additional metal quantity can be released from the soil
until equilibrium is obtained (Adriano 1986). The use
of DTPA is not recommended in very acidic soils (Nor-
well 1984), unless it is buffered as it was here at pH 7.3
(Lindsay and Norwell 1978). Inaccurate extraction may
occur in Cd-enriched soil when the metal concentra-
tions exceed the capacity of DTPA to chelate Cd. This
was not the case because DTPA was capable of extract-
ing 100% of the 500 mg g–1 Cd added to soil on day 0.

Basal respiration, microbial biomass-C and qCO2

The addition of 500 but not of 50 mg Cd g–1 soil
markedly decreased the soil respiration rate after the
first day of incubation; the inhibition effect disappeared
after 2 days (Fig. 1) before the marked decrease in the
amount of water- or DTPA-soluble Cd (Table 1). The
presence of Cd might have inhibited the microbial ac-
tivity and/or caused changes in the composition of soil
microflora. Heavy metals added to soils can produce a
shift from a prokaryote- toward an eukaryote-domi-
nated population and it is well known that growth and
reproductive rate of eukaryotes are lower than those of
prokaryotes (Doelman 1985). Thus the decline in the
CO2–C evolution of the Cd-contaminated soil (Fig. 1)
could be due to a decrease in the prokaryote popula-
tion. Hattori (1989) also reported a negative correlation
between CO2 evolution and the content of water-sol-
uble Cd in soil. However, usually no clear trend has
been observed between metal contamination and soil
respiration in agricultural soils (Giller et al. 1998),
whereas negative effects have been reported in forest
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Table 2 Average organic C extracted by 0.5 M K2SO4 from the unfumigated and fumigated soils in the 0–4 or 7–28 day incubation
periods

Incubation
time (days)

Unfumigated soils
(mg organic C g–1 soil)
Treatments

Fumigated soils

Treatments

Control 50 mg Cd g–1 500 mg Cd g–1 Control 50 mg Cd g–1 500 mg Cd g–1

0–4 94.7 99.5 112 302.2 314.2 303.3
(LSDp13.2) (LSDp29.6)

7–28 102.7 116.2 101.8 264.7 276.5 277.0
(LSDp19.7) (LSDp28.9)

soils (Bââth 1989). The contrasting results may be due
to the fact that various processes, directly or indirectly
involved in soil respiration, can be affected by heavy
metals. The toxicants may reduce the substrate availa-
bility for respiration by forming complexes with the
substrate or by killing microorganisms. In the latter
case, higher respiration rates may be due to the respira-
tion of killed microbial cells by surviving microorgan-
isms.

Microbial biomass showed no significant differences
between the control and the Cd-contaminated soil
throughout (Fig. 1). Generally microbial biomass-C,
which usually ranges from 1% to 4% of total soil or-
ganic C, is a sensitive indicator of changes in soil condi-
tions (Brookes 1995). Chander and Brookes (1991a) re-
ported that the percentage of organic C present as mi-
crobial biomass C decreased from 1.5–1.6% of the un-
polluted soil to 0.4–0.7% in Zn- and Cu-polluted soil
whose contamination was due to repeated sludge addi-
tions. However, more organic C was extracted by
K2SO4 from unfumigated soils after the Cd addition
compared with the control in the 0–4 day incubation
period (Table 2). This “extra carbon” may originate
from cell death and lysis of the active and/or Cd-sensi-
tive portion of the microbial community occurring in
the Cd-amended soils. No differences were found be-
tween the fumigated soils (Table 2).

The qCO2 has been considered to be an index of mi-
crobial stress in soil (Anderson and Domsch 1993; Nan-
nipieri et al. 1997), and it was reported to be higher in
metal-contaminated than in uncontaminated soils
(Chander and Brookes 1991b; Leita et al. 1995). The
increase was attributed to an increased amount of or-
ganic C metabolized for the maintenance of soil micro-
organisms followed by a lower amount of organic C in-
corporation into the microbial biomass (Chander and
Brookes 1991b). According to this hypothesis the qCO2

is a simplistic measurement of the maintenance energy.
However, the increase in qCO2 values of heavy metal-
contaminated soils incubated under controlled condi-
tions has been hypothesized to be due to the distur-
bance effect. Indeed, heavy metals partly kill microbial
biomass, resulting in a flush of decomposition of dead
microbial cells by the surviving microorganisms (Giller
et al. 1998).

We observed a decrease in qCO2 in the heavily Cd-
contaminated soil with the respect to the control in the
first 2-day incubation period, whereas no significant dif-
ferences were found afterwards (Table 3). The ob-
served decrease probably depended on the lower respi-
ration rate during the first 2 days because no decrease
in microbial biomass was observed in the same period.
Both Bââth et al. (1991) and Hattori (1992) have found
lower qCO2 values in metal-polluted soils. According
to Insam et al. (1996), the lower qCO2 values of metal-
polluted soils may depend on the fact that soil microor-
ganisms may utilize different substrates than those used
in the unpolluted soils.

ATP content

The ATP content decreased in the most Cd-contami-
nated soil compared with the control during the
0–4 day incubation period; then it fluctuated through-
out regardless of treatment (Fig. 1). The ATP level of
soil has been used to evaluate the effect of heavy me-
tals on the soil microbial biomass (Zibilske and Wagner
1982); in this study, negative correlations were found
between the heavy metal content and microbial bio-
mass, ATP content or respiration. The different behav-
iour observed in our work between the ATP content
and microbial biomass-C determined by the FE method
may be due to the following factors: (1) the ATP tech-
nique is more sensitive than the FE method in detect-
ing changes in microbial biomass under laboratory con-
ditions involving daily measurements; and (2) the intra-
cellular ATP concentration is sensitive to physiological
changes deriving from reductions in the active metabol-
ism even if the microbial biomass content is unaffected.
It has been hypothesized that the ATP is an indepen-
dent measurement of microbial biomass when soil sam-
ples are preincubated under controlled conditions be-
fore analysis (Nannipieri et al. 1990). Our data further
confirm the need for a better understand of the mean-
ing of ATP measurements when ATP level has been
suggested to represent an index of microbial activity
(Nannipieri et al. 1990): these are carried out immedi-
ately after soil sampling.
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Fig. 1 Cd effects on soil basal
respiration, microbial biomass,
ATP content and enzymatic
activities

The ATP:Cmic ratio generally fluctuated around a
value of 2 in both Cd-contaminated and non-contami-
nated soils.

Dehydrogenase and phosphatase activity

A reduction in dehydrogenase activity was only ob-
served at the highest Cd concentration (500 mg g–1 soil),
during the 0–7 day incubation period (Fig. 1). Dehydro-
genase activity is related to a group of intracellular en-
zymes present in active microorganisms in the soil
(Nannipieri et al. 1990). Conversely, the acid phospha-
tase activity was generally reduced by both Cd concen-
trations during the whole incubation period (Fig. 1).

We cannot explain with the present approach why
phosphatase was more sensitive than dehydrogenase
activity to the presence of Cd. Both the enzyme activi-
ties were inhibited by the highest Cd concentration as
showed by the decrease in both activities at day 0. Hea-
vy metals can reduce enzyme activity by interacting
with the enzyme–substrate complex, denaturing the en-
zyme protein or interacting with the protein-active
groups (Nannipieri 1994). They can also affect the syn-
thesis of the enzyme by the microbial cells. An indirect
effect is also possible because changes in the commu-
nity structure can modify the enzyme activity (Nanni-
pieri 1994).

Generally the values of dehydrogenase activity :mi-
crobial biomass C ratio (DH:Bmic ratios) were lower in
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Table 3 qCO2 and ATP:microbial biomass, dehydrogenase activity :microbial biomass and phosphatase activity :microbial biomass
ratios under different Cd concentrations

Incuba-
tion
time
(days)

qCO2

(mg CO2–C mg C–1
mic*h–1)

(LSDp0.01)
Treatments

ATP:Cmic

(ng ATP mg C–1
mic)

(LSDp0.79)
Treatments

DH:Cmic

(mg INTF mg C–1
mic*h–1)

(LSDp0.08)
Treatments

PH :Cmic

(mg PNP mg C–1
mic*h–1)

(LSDp2.2)
Treatments

Control 50 mg
Cd g–1

500 mg
Cd g–1

Control 50 mg
Cd g–1

500 mg
Cd g–1

Control 50 mg
Cd g–1

500 mg
Cd g–1

Control 50 mg
Cd g–1

500 mg
Cd g–1

1 0.022 0.023 0.016 1.89 1.93 1.72 0.31 0.38 0.18 4.4 3.8 2.6
2 0.018 0.016 0.014 2.19 2.45 1.83 0.25 0.27 0.17 3.8 3.4 2.8
3 0.013 0.016 0.014 3.06 1.63 1.91 0.28 0.30 0.18 4.4 4.0 2.9
4 0.014 0.008 0.013 2.49 2.50 2.39 0.36 0.23 0.22 5.3 3.1 4.2
7 0.008 0.012 0.013 3.12 2.03 2.47 0.29 0.30 0.23 4.7 3.5 3.7
14 0.006 0.005 0.004 1.51 1.63 2.00 0.38 0.30 0.23 5.5 4.3 3.5
21 0.005 0.005 0.006 4.50 2.21 3.02 0.31 0.37 0.34 5.5 4.4 4.9
28 0.006 0.008 0.005 4.00 2.2 2.25 0.35 0.41 0.41 6.2 5.2 6.1

Table 4 Average mineralization of L- and D-glutamic acid in Cd-polluted and unpolluted soils measured after 6 and 24 h on samples
collected in the 0–4 or 7–28 day periods

Incubation
time (days)

L-Glutamic acid
(mg CO2–C g–1 soil)
Treatments

D-Glutamic acid

Treatments

Control 50 mg Cd g–1 500 mg Cd g–1 Control 50 mg Cd g–1 500 mg Cd g–1

After 6 h
0–4 98.6 79.5 41.6 35.5 33.3 22.6
(LSDp20.8) (LSDp13.9)
7–28 78.2 69.4 77.0 36.7 46.4 51.5
(LSDp22.6) (LSDp15.7)

After 24 h
0–4 549.2 491.0 411.2 329.0 331.5 302.5
(LSDp18.4) (LSDp16.3)
7–28 507.8 504.2 517.7 361.6 382.5 431.7
(LSDp86.5) (LSDp59.6)

the most Cd-contaminated soils (Table 3). Also the
lowest phosphatase activity per unit of biomass (PH/
Bmic) was found in the presence of 500 mg Cd g–1 soil
(Table 3). The differences were reduced at longer incu-
bation times (21–28 days).

Mineralization of glutamic acid isomers and their
effect on microbial biomass

The initial respiration response (within 6 h) is attri-
buted to the native microbial biomass while that mea-
sured after 24 h could indicate the start of the microbial
growth phase (Sparling 1995).

The averages of the early (6 h) L- or D-isomer mi-
neralization to CO2–C were lower in the polluted soils
collected during the 0–4 day incubation period, but the
only significant difference was observed for the highest
pollution level in the case of L-glutamic acid minerali-
zation (Table 4). The average values of the 7–28 day in-
cubation period measured were not influenced by the
Cd after 6 or 24 h (Table 4). We hypothesize that Cd

did not affect the mineralization of either L- or D-glu-
tamic acid to CO2–C when active microbial growth
started (after 24 h). The early (after 6 h) inhibitory ef-
fect on L- or D-glutamic acid mineralization to CO2–C
was only observed in soils sampled in the 0–4 day incu-
bation period, that is when DTPA- and water-extracta-
ble Cd were 100% and 2–20% of the Cd amounts ini-
tially added to soil, respectively (Table 1). Probably, in
the soils sampled from 7 to 28 days the amount of
DTPA- and water-extractable Cd were too low to inhi-
bit the early (after 6 h) mineralization of L-glutamic
acid. Hattori (1992) showed that the early mineraliza-
tion of substrates added to soil is more sensitive to the
metal presence than later measurements. The addition
of metals prolonged the lag phase before the onset of
the apparent exponential growth when glutamic acid
was added to soil (Doelman and Haanstra 1979;
Nordgren et al. 1988).

The amount of CO2–C evolved was significantly
higher from L-glutamic acid than from the correspond-
ing D-isomer. These results agree with those reported
by Hopkins and Ferguson (1994) and may possibly de-
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Table 5 L- : D-glutamic acid respiration ratio of soils

Incubation
time (days)

After 6 h
Treatments

After 24 h
Treatments

Control 50 mg Cd g–1 500 mg Cd g–1 Control 50 mg Cd g–1 500 mg Cd g–1

0 2.9 2.5 1.7 2.3 1.7 1.2
1 3.0 2.6 1.7 2.1 1.7 1.2
2 3.1 2.6 2.1 1.6 1.6 1.0
3 2.8 2.6 2.2 1.6 1.6 1.9
4 2.9 2.4 1.6 1.7 1.3 1.6
7 2.8 1.4 1.7 1.7 2.0 1.5
14 2.6 2.0 1.3 1.4 1.1 0.9
21 2.5 1.8 1.8 1.2 1.2 1.3
28 1.8 1.4 1.4 1.5 1.3 1.1

LSDp(0.87) LSDp(0.68)

Table 6 Microbial biomass C measured after 24 h in samples treated with L- or D-glutamic acid

Incubation
time (days)

L-Glutamic acid
(mg Cmic g–1 soil)
Treatments

D-Glutamic acid

Treatments

Control 50 mg Cd g–1 500 mg Cd g–1 Control 50 mg Cd g–1 500 mg Cd g–1

0 892 799 534 692 535 431
1 751 656 488 496 494 434
2 691 644 544 531 548 560
3 797 667 757 556 482 481
4 691 541 569 466 446 348
7 548 703 757 353 426 547
14 686 577 573 500 530 604
21 548 586 574 482 456 447
28 590 444 443 357 361 405

(LSDp161) (LSDp139)

pend on the higher range of microorganisms utilizing
L-amino acids in soil. It was also suggested, alternative-
ly, that both enantiomers were utilized by a similar
fraction of the microbial community but at different
rates (Hopkins and Ferguson 1994).

Hopkins et al. (1997) hypothesized that under stress-
ful conditions soil microorganisms are less discrimina-
tive between the two stereoisomeric forms of amino
acids. They found that the L : D respiration ratio of a
range of amino acids decreased when the microbial bio-
mass was stressed by low soil pH. Our L : D respiration
ratios of glutamic acid measured after 6 and 24 h after
the amino acid addition to soils are presented in Ta-
ble 5. No clear trend was observed in the ratio values
measured after 24 h because it fluctuated for the same
treatment throughout. The highest Cd contamination
significantly decreased the values of the ratio with re-
spect to the control, during the 0–14 day incubation pe-
riod, when respiration was measured after 6 h.

Cd-contaminated soils also showed lower microbial
biomass C content than the control, when microbial
growth was induced by the L-glutamic acid addition to
soils sampled during the 0–4 day period. No clear trend
was observed at longer incubation times (Table 6). Pos-

sibly the presence of a high amount of available Cd de-
creased the microbial growth induced by the L- and D-
glutamic acid. Later, when the available Cd was de-
creased (Table 1), the inhibitory effect disappeared.
Generally the addition of the D-isomer induced a lower
microbial growth than the L-isomer treatment (Ta-
ble 6). As mentioned above, this may be explained by
the two hypotheses suggested by Hopkins and Fergu-
son (1994). It is likely that the soil microflora must iso-
merize the D-isomer before its incorporation and pre-
sumably this process takes time, with a consequent de-
lay in D-glutamic acid-induced growth.

Conclusions

Both the daily respiration rate and the ATP content,
but not the microbial biomass C, determined by the FE
method, were sensitive to high DTPA- and water-sol-
uble Cd. A better understanding of these results re-
quires further research on the meaning of ATP measur-
ements as an indicator of microbial biomass or micro-
bial activity when soils are analysed immediately after
sampling. Dehydrogenase and phosphatase activities
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and their respective enzyme activity :microbial biomass
ratios were also decreased by the high concentration of
Cd available. The decrease in both enzyme activities
could be due to enzyme inhibition, inhibition of their
synthesis as well as changes in the composition of soil
microflora. Decreases in qCO2, observed under labora-
tory conditions, could indicate disturbance rather than
microbial stress. The early (after 6 h) mineralization of
L- but not of D-glutamic acid confirmed that the heavy
metal pollution increased the lag time in amino acid mi-
neralization (Nordgren et al. 1988). The L : D respira-
tion ratio measured after 6 h was sensitive to high Cd
concentrations. However, further research is needed to
evaluate the early response of the L- : D-glutamic acid
respiration ratio. It remains to be clarified whether the
response of the ratio is due to the fact that microorgan-
isms were less likely to discriminate between the two
stereoisomer forms of amino acids under stress or to
changes in the composition of soil microbial communi-
ties.

Caution is also required in extending data from la-
boratory experiments to the in situ situation because
the latter should involve responses of adapted commu-
nities whereas generally the former concerns the com-
munity resistance and resilience after acute stress.
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