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Evaluation of an Automated Respiration Method Used in Assessing the Toxicity
of Zinc on Soil Microorganisms

INTRODUCTION

Since the industrial revolution, the increased production and demand for
chemicals have generated public concern over toxicological problems that may result

from chemical release into the environment. The need to quantify the effects of
chemicals on the environment using reliable screening procedures poses a significant

challenge to public health and environmental management professionals (Oehme
and Di Carlo, 1984).

Bacteria and fungi are the primary agents responsible for elimination of
xenobiotics from the environment. Chemicals that exert a toxic effect on bacteria are

usually toxic to higher organisms as well, including humans. Furthermore,
microorganisms reproduce at a rapid rate and therefore are useful in laboratory
testing for hazard identification (Bitton and Dutka, 1986a).
Measuring changes in soil metabolism is useful in toxicological studies. Because

the fertility of soil is dependent on the metabolism of life in soil, the effect of
pollution on metabolic rates in soil provides an assessment of toxicity. Data from soil
metabolic studies can assist decision-making agencies in ranking the potential hazards

of chemicals to the environment (Bitton and Dutka, 1986b).

Microorganisms are the first organisms to be impacted by heavy metals discharge
to the environment (Wood, 1989). In addition, microorganisms can alter the chemical
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form of heavy metals in the soil milieu, thereby altering the metals' toxic effect
(Olson and Panigrahi, 1991). Factors such as metal bioavailability, the numbers and

species of microbes present, the organism's duration of exposure to the metal, and
the physiochemical parameters of the soil, control the ability of the organism to alter

the chemical (Saxena and Howard, 1977).
Since the field of environmental toxicology is still in its infancy, it is imperative
that various methods of toxicity testing be investigated further. The objectives of this
study were to evaluate the precision and variability of a fully automated respirometer

as a screening device, and to determine the response of heterotrophic bacteria and
fungi to varying concentrations of zinc. The hypothesis to be tested is that there is
no difference between CO2 production patterns of Zn means over time at differing
concentrations.

Zinc was used in the study because its behaivor in the soil environment is well
documented. Zinc toxicity is relatively low when compared to other trace metals. For

this reason a concentration dependent toxic effect was more easily observed.

Microbes utilize substrates in soil for their own maintenence and growth. Soil
microorganisms largely are responsible for the stability of ecosystems (Bitton, Dutka,

and Hendricks 1989). Societal concern for public safety, maintenence of
environmental health, and the amelioration of the interests of research animals have
expanded the toxicological frontier. Those in the general public as well as researchers

and policy makers consider toxicology the science that can offer safety guarantees by

quantifying acceptable risks of priority pollutants (Oehme and Di Carlo, 1984).
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LITERATURE REVIEW

Traditional toxicity tests with animals are often performed with a limited number

of subjects, each having a calculated tolerance (based on mammalian models) to the

toxic material of interest. Furthermore, animal response to these tests is usually
quantal or categorical (e.g., death). In contrast, microbial toxicity assays differ from

traditional mammalian studies in that they involve large numbers of organisms.

Microorganisms are a continuum containing specific properties, (there are few
differences in how microbial populations react to changes in their environment)
rather than properties related to individually discrete organisms (who possess large
interspecies differences) (Nyholm et al., 1992).
The use of mammals in toxicological studies is controversial. Customarily, these
bioassays are expensive and time consuming. As a result, demand for rapid screening

procedures has led to the development of a wide variety of short-term bioassays.
Currently, alternatives to experimentation with mammals are being evaluated, but the

validity of these systems is debatable (Oehme and Di Carlo, 1984).

The quantity of chemicals currently in use that demand risk assessments
necessitates the use of rapid, inexpensive screening tests to establish their toxicity

potentials (Bitton and Dutka, 1986). The Toxic Substances Control Act (TSCA)
requires new chemicals to be properly tested prior to their use. Under this Act, a
toxicity assay is one of the required testing parameters (Oehme and Di Carlo, 1984).
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Microorganisms are especially suited for fleet screening procedures, based on
microorganisms' rapid metabolism, ease of handling, low cost, and easily reproducible

results (Liu and Dutka, 1984). Toxicity screening procedures using bacterial systems

are still a very new and relatively unexplored field (Liu and Dutka, 1984).

Toxicity Measurement Techniques

There are a wide variety of assay techniques used for determining toxic effects

on bacterial cells (Bitton and Dutka, 1986). Though respiration is the universally

accepted parameter for assessing toxicity to aerobic bacteria, there are other
alternatives, including, measurements of the carbon and nitrogen cycles (Doelman

and Haanstra, 1979; Rother et al., 1982,1983), microbial enzyme systems (Burns,
1982; Alexander, 1977), ATP content (Holm-Hansen, 1986; Brezonik and Patterson,

1972), and bacterial enumeration studies (Baath, 1989).

Most accurate monitoring programs use a combination of

several tests, because no one test is completely reliable as a toxicological standard
(Atlas et al., 1978; Johnson and Drew, 1977; Greaves et al., 1980; Suter, 1981).

Inhibitory effects on respiration are rapid and can be measured with simple,
relatively inexpensive equipment (Bitton and Dutka, 1986). Respiration bioassays

have been developed to assess toxicants quickly and to provide inexpensive and
meaningful indices of toxicity (Bitton and Dutka, 1986a).
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Soil Respiration

Rate of soil respiration can be inferred from the CO2 production rate. Anderson

(1973) reported the significance of a respirometer for calculating pesticide toxicity
by CO2 evolution. Caplan et al., (1981) also reported measurement of respiration by
quantifying 14C 02 evolution from a radioactive substrate. The soil respiration rate is

the most commonly explored endpoint used to assess heavy metals pollution. In most

cases, respiration decrease is proportional to a pollutant's concentration increase.

Low concentrations of most heavy metals do not significantly effect respiration
(Baath, 1989).

Organic toxicants can increase respiration, inhibit respiration, or both, depending
on soil conditions (Doelman and Haanstra, 1979) and xenobiotic concentration (Weil

and Kroontje, 1979). The discordance makes accurate interpretation of such data
difficult. Moreover, respiration rate may be a result of biological as well as abiotic
processes. Decreasing CO2 formation may result from a toxic response or depletion
of the biologically available substrate (Suter, 1981).

The most commonly used method to quantify CO2 production is absorption of
CO2 into an alkaline solution, precipitation as BaCO3, and titration of the solution
with HC1 (Stotzky, 1960). This method is simple and does not require sophisticated

equipment. However, titration is a time-consuming procedure and may become
unwieldy in studies that require many replicates (Trevors, 1983).
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A gas chromatograph, equipped with a thermal conductivity detector, also may

be used for monitoring respiration. This method detects 02 and CO2 in air. This
method is rapid; however it is also time-consuming, and the detection limit for CO2
may not be satisfactory (Trevors, 1983).
Respiration response to heavy metals insult has been well documented. Killham
et al., (1983); Chaney et al., (1978); and Spalding (1979) found the only clear effect

on respiration inhibition is mediated by heavy metals at pH 2.0, regardless of the
metal concentrations.
Soil respiration rate is simple to measure and appears to produce accurate values

when used to detect heavy metal insult, primarily when conditions are standardized.

By keeping soil water content constant, Tyler (1974) was able to reduce sample
variability, as well as detect respiration rate fluctuations at lower concentration levels
than could Nordgren et al., (1983) who used soil samples with field moisture content.

By augmenting soil with various substrates and monitoring the substrate's
subsequent degradation by increases in respiration, a measure of heavy metals
toxicity can be determined. Tyler (1975) found cellulose and starch breakdown was

reduced in metal-contaminated soil, while protein and particularly glucose
degradation were not affected significantly. Polluted and unpolluted soil sample
respiration rates vary little in cases where the substrate is easily degradable (Tyler,

1975; Babich et al., 1983; Baath, 1989). Nordgren et al., (1988) and Babich et al.,

(1983) reported the lag period before the initiation of the CO2 increase to be
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proportionate to an increase in pollution levels. Nordgren et al, (1988) found the lag

period and basal respiration rate were equal in sensitivity and appear to show a
linear relationship to log heavy metal content (Baath, 1989) with little variability

among replicates of nonpolluted samples (Nordgren et al., 1988). Haanstra et al.
(1985) found basal respiration rate exhibited a sigmoidal relation to log heavy metal

concentration.
Few studies have investigated the total microbial biomass in metal-polluted soils

(Baath, 1989). A decrease in the biomass of bacteria and fungi due to heavy metals

exposure has been reported in several investigations. Generally, fungi are more
tolerant to heavy metals insult than are bacteria (Baath, 1989; Maliszewska et al.,
1985). The increase in tolerant microorganisms in contaminated environments can

be a result of genetic changes (Baath, 1989). If no adverse effects of heavy metals
on microbially mediated processes in soil are observed, it could be due, in part, to

the toxicity level being too low. Doelman and Haanstra (1984) reported varying

effects of time of exposure and metal species on soil respiration rate. This
observation notwithstanding, a toxicity decrease was reported in most cases. More
recently, Baath (1989) found that toxicity increased in metal amended soils after 8
weeks exposure compared to 2 weeks exposure.

Respirometric methods are used in monitoring biological activity in waste
effluent (Montgomery, 1986). King and Dutka (1986) describe several techniques

used to determine oxygen uptake in aquatic systems. The rate of 02 uptake is a
useful method of measuring heavy metals toxicity in aquatic systems (Block, 1986a).
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If soil is stored for a period of more than three months prior to study, a lower
respiration rate may result due to a decrease in usable carbon. This effect is more
prominent in control soils, where no metal inhibition exists. This variable can make
comparisons between experimental and control groups difficult to ascertain (Baath,
1989). Air-dried soil which is rehydrated (Babich et al., 1983) can mask the effect of

time on metal toxicity (Baath, 1989).
In field studies, respiration measurements lack specificity, since respiratory events

are not limited to microbial activity, but occur in plants and animals due to abiotic
reactions (Bitton and Dutka, 1986). Furthermore, respiration does not identify shifts

in microbial equilibria, particularly if a chemical stimulates one species while
inhibiting another (Hicks and Voris, 1988).

Domsch (1984) found the sensitivity of the respiration rate to be low and,
therefore, open to controversy. In addition, soil respiration is not an exclusively
microbially- mediated process (Suter, 1981).

Infrared Gas Analysis (IRGA)

Edwards (1982) describes a sophisticated method for detection of CO2 by
infrared gas analysis (IRGA). This method has the advantage of rapidly measuring
numerous samples concurrently (Bitton and Dutka, 1986).

The primary advantage of a system that incorporates an automated detector is
that it can measure CO2 production from a large number of samples with minimal
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manipulation; in addition, the investigator can control sampling intervals (Shelton

and Parkin, 1989). In a pesticide degradation study, Shelton and Parkin (1989)

determined the analytical variability of the IRGA to be low. A coefficient of
variation equal to 3.6% was observed for 20 replicate measurements of total CO2.
Based on the low variability among samples, as well as the large numbers of samples

that can be accomodated, this instrument is ideal for the execution of large-scale
screening studies.

Bewley and Stotzky (1983a, 1983b) utilized a system to test the effect of acid

rain on soil respiration and its combined toxicity with Zn and Cd. Air from
incubation chambers passed through an alkaline solution; CO2 was measured by
titrating with acid. In addition, CO2 in the air was detected by gas chromatography
and IRGA (Chaney et al., 1978; Stotzky, 1960; Trevors, 1983).

Miller (1953) used a series of incubation vessels connected to solenoid valves
attached to a multiple-program cycling timer used to sample soil respiration at timed
intervals. The CO2 was flushed from each vessel with a stream of CO2-free air prior

to entering an infrared gas analyzer. Miller found the method to be highly sensitive,

however, it was not well adapted to large experiments because the time interval
between sequential measurements of any one vessel was too long to detect changes

in respiratory patterns.

Stotzky (1965) argued that the IRGA system is highly sensitive but not well
suited to large experiments for the same reasons given by Miller (1953).
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Pollutant effects on Microbes (EC50)

Pollutant damage to microbe-mediated ecologic processes can be measured

effectively in the laboratory (Babich and Stozky, 1983). The "environmental
concentration fifty percent" (EC50) is the microbial equivalent to a mammalian LD50.

An EC50 is defined as the dose of a toxicant that decreases a microbe-mediated
ecologic process (i.e. respiration, microbial counts) by 50% (Babich et al., 1981). An

EC50 value reflects the response of a variety of populations to a stress. Conversely,

LD50 values are derived from single species tests, and therefore lack the
heterogeneity of natural populations (Cairns, 1981).

Abiotic Factors

In addition to "biological activity", there are also "abiotic" factors in the soil
milieu that must be considered when assessing the toxicity of a compound. Once Zn
is released in soil, its chemical form, mobility, and uptake availability by surrounding
flora depend on the physiochemical factors of the soil. Zn24- complexes with cr, and,

depending on the concentration of C1, forms ZnCr, ZnC12, ZnC13 , and ZnC142
(Hahne and Kroontje, 1973). These differing Zn-Cl species exert different toxicities
on microorganisms (Babich and Stotzky, 1978).

Babich and Stotzky (1982, 1985) have reviewed extensively the factors that

influence the interaction between heavy metals and microorganisms. The
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concentration of clay minerals in a soil can influence greatly bioavailability, and,
therefore, toxicity of a metal. Heavy metals can adsorb to clay, thereby attenuating
adverse effects on soil microbial populations as well as reducing the metal's leaching

potential (Stotzky, 1986). The toxicity of Zn has been shown to decrease in the
presence of clays (Babich and Stotzky, 1982, 1985a) primarily due to the cation
exchange capacity (CEC).

Organic matter has been shown to decrease the toxicity of some metals, in part
by chelation, which reduces availability of the metal to microorganisms (Babich and
Stotzky, 1985a; Stevenson and Finch, 1986).

Farrah and Pickering (1978) found that adsorption of Zn onto soil particles
increased with increasing pH. In addition, pH influences the mobility and toxicity of

metals (Babich and Stotzky, 1982). Zinc is rather mobile at neutral pH levels
(Ohnesorge and Wilhelm, 1991). Physiological and metabolic efficiency of microbial

communities are greatly influenced by soil pH (Atlas and Bartha, 1987; Babich and

Stotzky, 1982). Control of soil pH to enhance microbial activity may aid in the
immobilization of metals in a soil system. Soil pH affects the complexation of Zn
with organic and inorganic constituents. Such complexes are usually less toxic that

the free metal ion. The pH can affect the chemical speciation of Zn and different

forms may exert different toxicities. The metabolic state of microorganisms is
affected by changes in pH. Every organism has a pH optimum where its metabolic
functions are most efficient.
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It is probable that an organism challenged with an extreme pH will be more
vulnerable to toxic substances, than under a pH regime that is close to optimum
conditions (Baath, 1989).

Because the toxic effects of a number of heavy metals are reduced in soils with

a high CEC (Stotzky, 1986), it would be advisable to locate Zn smelters and other
industries utilizing zinc in areas where the local soils contain clays with a high CEC

because of the large "buffering" capacity of such a soil (Babich and Stotzky 1982,
1983, 1985).

Toxicity of Zinc

Zinc is an essential trace element in all living systems from bacteria to humans.

Currently, Zn is manufactured in quantities equal to Cu, Cr, and Pb. Zinc is fourth
in annual world consumption among metals, behind steel mixtures, aluminum, and
copper (Nriagu, 1980).

The toxicity of Zn and Zn compounds is generally low in the soil and water
environments. However, zinc oxide fumes emitted near Zn smelters can be highly

toxic if inhaled for a significant amount of time. More commonly however, Zn
deficiency in plants and animals (due to Zn deficient soils) is a problem in some

parts of the world. Nevertheless, industrial effluents and sludges can contain
concentrations of Zn at levels harmful to humans (Ohnesorge and Wilhelm, 1991).

The background levels of zinc in non-industrialized soil range from 10 to 300
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mg/kg soil worldwide (Wedepohl, 1972, 1984; NRC, 1979; Machelett et al., 1984;
Swaine, 1955). Concentrations of Zn above ambient levels are primarily a result of
anthropogenic activity (Parsons, 1977). Soils in the vicinity of industrial and smelter
facilities

that emit Zn oxides exhibited reduced rates of organic matter

decomposition (Ruh ling and Tyler, 1973), soil respiration (Chaney et al., 1978), as

well as reductions in microbial numbers (Jordan and Lechevalier, 1975).
Zinc chloride is readily soluble in water (Weast, 1986). It is used in soldering and

welding fluxes, as a pesticidal wood protectant, in dry batteries, in cotton processing,

and in medicine as a cauterizing agent (Farnsworth, 1973; Giesler, 1983).
Zinc supply in the soil milieu is influenced by many factors. In lime-rich soils, Zn

availability decreases above a pH of 7.4 (Ganiron et al., 1969; Lindsay, 1972; Lucas

and Knezek, 1972). Zinc is relatively mobile even at neutral pH levels (Galloway,
1982).

According to Ohnesorge and Wilhelm (1991), studies concerning the metabolism

of Zn in plants have not fully elucidated the mechanisms of Zn uptake and transport

at the molecular level.
The effect of metals on microorganisms are not without relevance for humans.
Interactions of metals at the level of bioavailability to bacteria, fungi, and protozoa

may affect the food chain up to human nutrition (Beyersmann, 1991).
The oral LD50 in animals is approximately 1000 to 2500 mg/kg body weight for
most zinc compounds (RTECS,1977;Sax,1984).
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Ingesting large doses (approximately one to several grams/kg body weight) of

ZnC12 can cause upper alimentary tract damage followed by severe shock. For
humans, the lowest lethal dose is estimated at 50 mg ZnC12 per kg body weight.

Lower doses can lead to nausea, emesis, stomach cramps, diarrhea, and fever
(Ohnesorge and Wilhelm, 1991).

Zinc toxicity problems are an increasing concern as land treatment techniques

that incorporate sludge use become more prudent (Nriagu, 1980). Protecting the
environment from the deleterious effects of chemical pollutants is a monumental

task. Over 70,000 chemicals are currently in use in the United States alone, with
approximately 3,000 new chemicals being introduced annually (Hoffman, 1982). The

development of precise and rapid respiration bioassays may aid in the task of
evaluating risk of pollutants to human health and the environment (Cairns, 1980;
Environmental Studies Board, 1981).
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METHODS AND MATERIALS
Soil Characteristics

The soil used in this study was a Veneta silt loam common to Benton County of

Oregon. Veneta soils consist of deep, moderately well drained soils that formed in
silt and old, weathered, gravelly alluvium. These soils are located on terraces above
the main floor of the Willamette Valley. The soil is used mainly for cereal grain, hay,

grass seed, orchards, and wildlife habitat (Knezevich, 1975). A chemical analysis of

the soil was performed by Oregon State University Soil Testing Laboratory
(Table 1).

Microbial Enumeration

Bulk soil samples were collected from a depth of 0-4 cm. The soil was allowed to air

dry for 48 hours at room temperature (25-27 C.), sieved to pass a 2 mm screen, then

stored in plastic bags at room temperature until use. This procedure was used to
remove larger aggregates and plant debris, and to provide uniform particle size for

use in the experiment. Soil moisture was brought to 1/3 bar tension immediately
prior to each experiment. The soil extract was prepared by combining 1 kg soil and

1 liter distilled water. The slurry then was heated in an autoclave at 121.0 for 30

minutes. The extract was filtered, centrifuged at 6,000 rpm for 5 minutes, then
filtered again. The filtrate then was brought to 1 liter with distilled water.
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TABLE 1

Chemical Analysis of Veneta Soil

pH

6.3

Phosphorus (P)

15.0 ppm

Potassium (K)

449 ppm

Calcium (Ca)

11.0 meq/100 g

Magnesium (Mg)

1.7 meq/100 g

Cation Exchange
Capacity (CEC)

20.0 meq/100 g

Organic
Matter (OM)
Ammonium (NH4)

Nitrate (NO3)

1/3 bar moisture

6.9%

12.8 ppm

6.7 ppm
27.8%

* * meq= milliequivalents
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The agar medium was prepared by combining 100 ml. soil extract, 0.2 g. K,HPO4,
1.0 g. glucose, 20.0 g. agar, and 900 ml distilled water. Agar pH was brought to
6.8-7.0 before autoclaving.

Fungi were cultured on Martin's agar. Martin's agar was prepared using 10.0
g. dextrose, 5.0 g. peptone, 1.0 g. KH2PO4, 0.5 g. MgSO4 x 7H20, 33.3 mg. rose

bengal, 240.0 mg. streptomycin, 15.0 g. agar, and 1.0 liter distilled water. The agar
mixture was then autoclaved for 30 minutes.

Bacterial colony forming units (CFU's) and fungal propagules were calculated

by taking the common log (base 10) of the microbial counts times the dilution of
the sample.

Microbial Toxicology Studies

The test system consisted of four 4 liter wide mouth glass jars (chambers).
Within each chamber were 10 (110 ml.) glass jars, each containing 25.0 g. dry soil

wet to 1/3 bar moisture (27.8%). Two chambers were utilized for the experimental
soils, and two were used as controls (Figure 1). Each chamber was closed with a
two-hole rubber stopper fitted with polyethylene tubes used for sampling the gas
phase. Soils were incubated at 25.C. Each chamber was connected to a 3-way
solenoid valve (Clippard Minimatics, Cincinnati, OH) which was operated by an

IBM compatible computer (Leading Edge Inc., Canton, MA) fitted with a Dascon

Figure 1. Soil incubation chambers and
3-way solenoid valves.
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I control board (converter) (Metrabyte Corp., Stoughton, MA). Air was drawn

from the bottom of each chamber by a pump (Ametek Inc., Pittsburgh, PA) for a
period of 5 minutes and passed through a CaSO4 dessicant (W. A. Hammond

Drierite Co., Xenia, OH) to dry the air before it was measured by the IRGA. A
flow meter (Ametek Inc., Pittsburgh, PA) regulated the flow rate at 0.27 standard
liters per minute (slpm). Air then passed through a CO2 sensor (Ametek Inc.,
Pittsburgh, PA) and was measured by the IRGA (Beckman, Model 315B) for a 1
minute period (Figure 2). All CO2 measurements were recorded on a printer
(Epson Inc.). Each chamber was sampled once every 24 hours in succession. A
schematic diagram of the test system is shown in Figure 2.

The unamended control soil was brought to 1/3 bar moisture by pipetting 6.0
ml. distilled water into each jar containing 25.0 g. dry soil. The soil then was

mixed with a stainless steel spatula until moisture appeared uniform. The
amended control soil was prepared by solubilizing glucose (Difco laboratories,

Detroit, MI) in distilled water, at a concentration of 0.01 g. carbon g' dry soil. A
6.0 ml. volume of the solution was pipetted and mixed in each jar as mentioned
above. Experimental soils were prepared by solubilizing known concentrations of
ZnC12 (J.T. Baker, Phillipsburg, N.J.), and glucose (0.01 g. carbon g' dry soil) in

distilled water. A 6.0 ml. volume was pipetted and mixed in each jar using the
above mentioned procedure.

CO2 SENSOR/ IRGA

DESSICANT

.=1.

3-WAY SOLENOIDS

A/D CONVERTER

PUMP

CO2 DISCHARGE
TO AMBIENT AIR

SOIL CHAMBERS

PRINTER

COMPUTER

Figure 2. Gas flow system for analysis of CO2 evolution.
)(electrical connections).
(gas connections),1
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The amount of bioavailable carbon (C) from the glucose molecule (C6H1,06) was
calculated by determining the proportion of carbons atomic weight (12.0)

compared to the molecular weight of glucose (180.0). Carbon comprises 40% of

the molecular weight of the glucose molecule. In both the treated controls and
experimental soils 0.025 g. glucose g1 dry soil was added to each 25.0 g jar, which
is equal to 0.01 g. C g-1 dry soil.

Zinc comprises 48% of the molecular weight (135.5) of ZnC12. The

concentrations of Zn were determined by increasing each amendment by 52% to
assure the reported concentration was that of Zn and not C12.

Two controls were prepared for each experimental run. An untreated control
(chamber 1) was monitored to provide a baseline measure of indigenous soil

respiration levels. The other control (chamber 2) was amended with a substrate of
0.01 g. carbon g 1 dry soil and was monitored as the comparison control for the
experimental soils (chambers 3 and 4) which contained known concentrations of

Zn and the same levels of glucose.
Immediately following daily CO2 gas samples, 1 [25.0 g] soil jar was removed

from each chamber for soil wet weight and pH determinations. Soil wet weight
was derived by taking a 1.0 g subsample from each 25.0 g jar. The samples were
then oven-dried the samples for 24 hours, allowed to cool in a dessicant chamber,
then reweighed. Soil moisture remained constant at 21-22%. Soil pH was
determined by mixing a 10.0 g subsample from the same jar, with 90.0 ml. tap
water. The slurry was mixed vigorously for 1 minute.
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A microprocessor ionalyzer (Orion Research Inc., Cambridge, MA) was used

to measure the slurry pH. The ionalyzer was calibrated using a pH 7.0 solution

prior to each daily pH measurement.
Dilution bottles were prepared from the sample jar for enumeration of
bacteria and fungi. 10 g. soil was removed from soil jars and mixed with 100 ml.
sterile tap water and shaken for 15 seconds (10-1). A 10 ml. aliquot was then

pipetted from the slurry, added to 90 ml. sterile tap water, and shaken 15 seconds
(10-2). The latter procedure was repeated to a dilution range of 10'. Each plate

was inoculated with a 0.1 ml. aliquot from the appropriate dilution bottle. The
spread plate technique was used to evenly distribute the aliquot volume. The
plates were incubated at 25.C.

Statistical Analysis

All microbial population data in these experiments were collected in triplicate.
The CO2 values for Zn-treated soils were replicated twice. Both control soils were

replicated four times. Results of all experiments were analyzed using an IBM AT
(International Business Machines, Corp., Boca Raton, Fl), personal computer
using Lotus 1-2-3 (Lotus Development Corp., Cambridge, MA) and SAS (SAS
Institute., Cary, NC) statistical analysis software. A regression analysis based on

mg C evolved was performed for treatment days 3 and 4. The standard error was
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calculated for each sampling day. To test the null hypothesis (Ho= there is no
difference in the pattern of CO2 means over time at different concentrations), a
repeated measures analysis was used based on the replicate means of the CO2
values to test for significant differences between groups. This analysis showed
significant differences between CO2 values (p2=.05).

Quality Assurance

Non-inoculated soil extract and Martin's plates were incubated each week. No
colony forming units were observed on these plates. The IRGA was calibrated
weekly using a stream of known CO2 volume (5.0%). Each chamber was manually
connected to a CO2 gas cylinder, and CO2 concentration was measured by the

IRGA and any necessary adjustments were made to standardize the measurement.
All laboratory procedures followed the United States Environmental
Protection Agency approved quality assurance plans for soil analysis, incubator

temperature, and other general laboratory practices.
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RESULTS

Microbial Data

The zinc concentrations used in this study did exert a toxic effect on the
microbial populations. There were no statistically significant differences between

day 0 and day 4 microbial counts within any group (p2=.05); but population
differences between groups were biologically significant. Bacteria showed a slight

decrease over time (Figure 3). The high concentration group decrease was steady
over the 5 day period. Inhibition was observed on day 1 within the medium group,
however, there was a brief recovery period in CFU's on day 2, followed by a

relatively sharp decrease on days 3 and 4. The CFU's in the low concentration
group and both controls increased slightly in number by day 1, but remained static

for the remainder of the study period. Low Zn treatments decreased 0.5 orders of
magnitude, medium treatments 1 order of magnitude, and high treatments 2
orders of magnitude.

The addition of Zn suggested a stimulation in fungal propagule numbers in
the low and medium concentration ranges (Figure 4). This increase was not
statistically significant (p2=.05). The low group showed a linear increase beginning

on day 1. The slight increase reported in the medium group was observed on days
3 and 4. Low Zn treatments stimulated day 4 fungal growth by an order of

Low Zn (0.5-3.0mg)

40-- Medium Zn (5.0-7.0mg)
A-- High Zn (10.0-30.0mg)

9

Glucose control

0-- Unamended control

3

2

4

Day

Figure 3. Bacterial response to Zn
treatments. Standard error was calculated
by using the standard deviation divided
by the square root of the number of data
values.

t\-)

Low Zn (0.5-3.0mg)

AI-- Med Zn (5.0-7.0mg)
A-- High Zn (10.0-30.0mg)
Glucose control

0 Unamended control

1111----______________

i
1

3

2

Day

Figure 4. Fungal response to Zn
treatments. Standard error was calculated

by using the standard deviation divided
by the square root of the number of data
values.

4

27

magnitude. Medium treatments stimulated growth by 0.5 orders of magnitude

above the glucose control. Propagule growth in the unamended control decreased
in comparison to the amended control by 0.5 orders of magnitude, while the high

treatment group counts were one order of magnitude less than the amended
control.

Despite the lack of correlation between Zn concentrations and counts of
viable microorganisms, activity of the microbial community, indexed as community

respiration, is significantly correlated with Zn amendments.

Soil Respiration Results

The Ho (there is no difference between the patterns of CO2 means over time
at different concentrations) was rejected at a p value of .001. The glucose control
(R2=.93), and Zn treatments of 0.5 mg (R2=.97), and 1.0 mg (R2=.93) all showed
a linear increase in respiration over time (Figure 5). Beginning on day 3, these
low Zn treatments stimulated microbial respiration beyond the glucose control.
This increase correlates with an increase in fungal biomass on days 3 and 4. This
stimulation was not statistically significant. At higher concentrations inhibition of
respiration on day 4 was proportional to increasing Zn concentrations (Figures 5
and 6).
Relative toxicity was quantified by inhibition of CO2 evolution. Overall, the
toxicity of Zn decreased with time, as indicated by increasing CO2 evolution.
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Figure 5. mg Carbon values for low to
medium Zn treatments.
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Figure 6. mg Carbon values for medium
to high Zn treatments.
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Figure 7 shows respiration rate increasing through day 4 at concentrations
ranging from 0.5 to 7.0 mg. On days 3 and 4 there is an increase in CO2
production at lower Zn concentrations. As indicated by an R2 value of .97, there

is a striking linear correlation between Zn concentration and percent CO2

produced on both day 3 and 4. An increase in Zn means a decrease in CO2
production. The regression analysis did not include high concentration groups
(10.0 to 30.0 mg). Toxicity did not change with time at higher concentrations as

indicated by a flat (no response) curve.

Overall, soil pH decreased with time in both treatment and control soils. All
soils remained within a pH range of 6.3 to 4.3.

0.3

y = 0.27022 - 2.4768e-2x

R2
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0--- Day 3
Day 4
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Figure 7. Toxicity of Zn based on mg
Carbon evolved. Each data point represents
the mean of the replicates. A decrease in
increase in mg C evolved.
toxicitv
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DISCUSSION

Zinc inhibited soil respiration at concentrations of 3.0 to 30.0 mg. A mild to
moderate toxic response was observed at concentrations of 3.0 to 7.0 mg. At
concentrations of 10.0, 20.0, and 30.0 mg, Zn was highly toxic to CO2 evolution, as

indicated by curves with no slope in Figure 6. At very low levels (0.5 and 1.0 mg),
Zn was beneficial to microbial respiration, as indicated by increases in CO2

evolution beyond the glucose control (Baath, 1989). Because Zn is an essential

micronutrient, one would expect the metal to benefit cellular processes at very
low doses. Many of the studies to date indicate no negative effects of heavy

metals pollution on microbial respiration. This lack of effect could be due to the
toxicity level being too low to affect the microorganisms as well as the ability of

the microbial population to be tolerant to the metal in question (Baath, 1989).
Varying effects of time of exposure and metal species have been reported in soil
respiration studies. In most cases, a decrease in toxicity with time was observed

(Baath, 1989). The use of air-dried soil, which is remoistened, will tend to mask
the time effect on metal toxicity early in an experiment (Babich and Stotzky,
1983), but in this study no CO2 masking effects were observed.

Soil pH can also affect the species of metal ions, thereby altering toxicity. The
fermentation of glucose lowered the soil pH and may have possibly affected the
microbial metabolism. This decrease can potentiate the toxicity of some metals,

which may explain, in part, the slight decrease in CFU's over time within the

33

medium and high Zn treatment groups. Fungi can adapt and function efficiently
within a broad pH range, they are efficient scavengers of available carbon, and
notably more resistant to heavy metals insult. Therefore, fungi would be expected
to increase with time even with a changing pH.

When Zn binds to OM its availability to microorganisms decreases, making it

less toxic to the microbiota than the free form of the metal. The cation exchange
capacity (CEC) may be the most important abiotic factor affecting metal toxicity

to microorganisms. The greater the CEC, the greater the amount of Zn cations
adsorbed, thereby reducing bioavailability and uptake by the biota (Bitton and
Dutka, 1986).

Toxicity may also be influenced by antagonistic or synergistic interplay

between Zn2+ and Cl-. Currently however there is little information on how
anionic components in the environment influence the toxicity of divalent cations

(Babich and Stotzky, 1978). In this study no confounding effects of Cl on
respiration were observed.

Because there was no Zn effect on microbial populations, an EC50 could not

be determined based on CFU's or propagule numbers. By using the day 4 peak
value of the glucose control, a respiration EC50 based on CO2 values may have

been possible. However, the glucose curve continued to increase through day 4,
making the peak value on which an EC50 is based impossible to determine.

The variability of the respirometer was low, as indicated by the replicate

values listed in Table 2. Because the chambers were opened daily to collect soil
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jars for microbial counts, the CO, values for each day are discrete data points
rather than cumulative readings. An unknown volume of CO, was lost when the

rubber stoppers were removed from the chambers. Although cumulative CO,
values can give a more precise measure of microbial kinetics as well as the
toxicity of a compound over time, the study design for this research was adequate

for testing the overall precision of an automated respirometer. In future studies
with this system, some experimental design changes should be implemented to

minimize CO, loss to allow precise cumulative values to be measured. Replicate

soil jars and chambers should be prepared and used for daily soil tests. This
addition would assure a more closed system by allowing respiration to continue
without unnecessary sample manipulation, further minimizing unnecessary CO,

losses. To assure the system remains undisturbed CO, effluent should be captured
after measurement by IRGA, then recirculated back into its respective chamber,
further assuring a reliable cumulative CO, value.
The stimulation of respiration at low Zn levels indicates efficient use of the
compound by the microbiota. The biological mechanism responsible for this

stimulation is not clear. The lag phase of CO, evolution at concentrations of 5.0
and 7.0 mg increased. At these levels activity was static during days 1 and 2,

followed by a burst of respiration activity on days 3 and 4. The linear increase in

mg Carbon over time within the low Zn group indicates these concentrations did
not shock the microorganisms, thereby contributing to an increased lag phase.

The lag phase increase observed in medium treatment soils would indicate a
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temporary shock to the microbiota. The microorganisms adapted to these levels of
Zn by day 3, as indicated by a marked increase in mg Carbon production. The
consistently low mg Carbon values at high concentrations, as well as the absence

of a recovery period indicate a highly toxic effect of Zn at these concentrations.
The toxicity of Zn decreased with time at concentrations of 0.5 mg to 7.0 mg.
At higher concentrations toxicity did not change as a function of time (Figure 7).
The microorganisms rapidly adapted to increasing levels of Zn, aided by organic
complexation, accounting for the increase in mg Carbon evolution over time. At

concentrations of 0.5 and 1.0 mg Zn, the greatest increase in mg Carbon
production occurred between days 1 and 3, indicating almost immediate

degradation of the glucose substrate. At concentrations of 3.0, 5.0, and 7.0 mg the
greatest increase in respiration was observed between days 2 and 3, indicating that
the microbial lag phase is directly related to increasing Zn concentrations.

An automated respirometer incorporating an IRGA has never before been
developed. This study was designed as a screening procedure for determining the

precision and reliability of the respirometer, and to evaluate the toxicity of Zn to
soil microorganisms. This study produced reliable and biologically significant data.

The system variability is low and previous studies in the literature support my
findings. Future research conducted with this system should consider

incorporating more replicates in the study design, giving the data greater
statistical significance.
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We found the automated respiration method to be rapid, easy to use, and
accurate. This system would be a viable alternative to more traditional methods of
toxicity testing, that can be expensive and cumbersome. The screening potential of
this system has applications for environmental and public health agencies.

Because toxicity is measured at low concentration levels, the health of soils can be
assessed accurately. This system would have applications at hazardous waste sites,

acid mine and coal mine drainage sites, and in agriculture as a method of
determining toxicity of sludges and pesticides.
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TABLE 2

mg Carbon values. Measurements made by IRGA to
demonstrate system reliability of the instrument.
Zn conc.
control
control
control
control

Day 1

Day 2

Day 3

Day 4

.005
.015
.02
.03

.012
.03
.02
.16

.015
.017
.016
.027

.006
.013
.015
.023

glu cont
glu cont
glu cont
glu cont

.09
.09
.08
.11

.17
.19
.14
.16

.27
.24
.16
.16

.34
.26
.18
.15

0.5
0.5

.05
.04

.16
.15

.22
.22

.25
.24

1.0
1.0

.03
.03

.16
.15

.23
.23

.24
.23

3.0
3.0

.009
.02

.07
.08

.20
.18

.21
.20

5.0
5.0

.005
.013

.02
.02

.10
.10

.15
.15

7.0
7.0

.002
.013

.009
.02

.06
.07

.11
.10

10.0
10.0

.0008
.009

.002
.008

.002
.007

.002
.008

20.0
20.0

.002
.0008

.003
.0008

.005
.0003

.02
.0009

30.0
30.0

.002
.0008

.004
.0008

.002
.00

.002
.00
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GLOSSARY
Abiotic: not biotic: abiological.

Alluvium: clay, silt, and gravel, or similar detrital material deposited by running
water.

Anthropogenic: relating to, or resulting from the influence of human beings on
nature.
Bioassays: determination of the relative toxicity of a substance by comparing its
effects on a test organism with that of a standard preparation.
Biovailability: how available a compound is for metabolic use.

Biomass: the amount of living matter (as in a unit area or volume of habitat).
Colony Forming Units (CFU's): a unit of bacterial biomass consisting of several
colonies.
Complexation: to make complex or into a complex: to chelate.
Heterotrophic: requiring complex organic compounds of nitrogen and carbon for
metabolic synthesis.
Indigenous: having originated in and being produced, growing, living, or occurring
naturally in a particular region or environment.

Physiochemical: relating to the physical and chemical properties of substances.

Propagule: a structure (colony, spore, hyphae) that propagates fungal growth.

Respirometer: an instrument for studying the character and extent of respiration.
Speciation: the process of biological or abiological species formation.

Substrate: a substance that is utilized as a food source.
Xenobiotic: a chemical compound that is foreign to a living organism.
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