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Survival and respiration rates of the bacterial-feeding nema-
tode Cruznema tripartitumafter incubation in soil for 48 hr pro-
vided a useful bioassay of the presence and concentration level of
biologically active toxicants. The assay provided an indication of
toxicant activity at sublethal levels, and a means of determining
when the toxicant had declined to levels not deleterious to physi-
ological function. Assays of soil contaminants based on the com-
munity structure of resident soil nematodes were more useful in
undisturbed soils than in agricultural soils where the range of
taxa was relatively narrow. Assays involving measurement of sur-
vival and respiration rates of nematodes after immersion in an
aqueous extract of contaminated soils were not useful due to
degradation and loss of contaminant during the extraction pro-
cess. © 1997 Academic Press

INTRODUCTION

Biological responses that can be related to a toxicant in the
environment are potential candidates for biomarkers. Biomar-
ker responses may be resolved at various levels of biological
organization. At the individual level, a biomarker may be the
degree of change in an enzyme system, or an effect on devel-
opment. At the population and community levels, biomarkers
include reduced abundance, altered age structure, or altered
community structure. At the ecosystem level, biomarkers may
be changes in pathways and flows through food webs (Peakall,
1994). The response of biomarkers to toxicants should be well
characterized and homogeneous in the test population so that
observations can be interpreted. The test should be rapid, in-
expensive, and provide consistent results (Giesy and Hoke,
1989). Approaches involving the use of biomarkers at both the
physiological level and the community or higher levels are not
mutually exclusive. Conceivably multiple levels might be used

in a complementary manner to enhance understanding of the
nature of environmental stress.

Few metazoan test animals native to soil habitats have well-
documented physiological responses to anthropogenic stresses.
Earthworms are frequently used, but the tests require extended
exposure periods and relatively large soil samples (Callahanet
al., 1991; Donkin and Dusenbery, 1993; Greeneet al., 1989).
The utility of several other taxa has been reviewed and a pri-
ority list of measurable criteria proposed for their application
as indicators of soil quality (Stork and Eggleton, 1992). All the
criteria are related to the presence, abundance, and diversity of
species in the soil. There have been several recent uses of the
nematode community structure as an assay of soil ecosystem
health (Bongers, 1990; Freckman and Ettema, 1993; Stork and
Eggleton, 1992; Yeates and van der Meulen, 1996). Generally,
predatory nematodes are the most sensitive while bacterial-
feeding nematodes are the most resilient to environmental per-
turbation (Bongers, 1990; Freckman and Ettema, 1993). In
severely contaminated soils, bacterial-feeding nematodes may
be the only metazoa found (Wieser, 1975).

Existing in water films around soil particles, soil nematodes
are a ubiquitous group of multicellular terrestrial animals. In
terrestrial ecosystems, nematode populations can reach densi-
ties of 30–55 million individuals m−2 (Yeates, 1979, 1981).
They occur in several trophic classifications and include spe-
cies that are herbivores, decomposers, and carnivores (Freck-
man and Ettema, 1993). Many of the bacterial-feeding decom-
poser species are readily cultured gnotobiotically on bacterial
substrates, have short generation times (3 to 4 days), and are
tractable test organisms for genetic, development, behavioral,
and physiological studies (Nicholas, 1984). They may be use-
ful markers of conditions that will be hazardous to other taxa.
Ranking among the LC50s for seven metals in bacterial-feeding
nematodes was well correlated with the rankings of LD50s
from mammalian tests, and the response level ofCaenorhab-
ditis eleganswas similar to that of rats (Donkin and Dusen-
bery, 1993; Williams and Dusenbery, 1988).

Organismal health has been defined as the state in which all
physiological processes are functioning at or near their maxima
(Sorauer, 1922). A similar definition for ecosystem health is
proposed: the state of a system in which the collective physi-
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ological processes of the component organisms are able to
function at or near their maxima. Clearly it would be difficult
to achieve such an assessment for all the organisms in an
ecosystem. In these studies the hypothesis that nematode com-
munity structure and physiological function can be used as
component indicators of toxics in soil ecosystems is tested.
Nematode community structure provides an indicator of the
effects of the toxicant on organisms of different ecological
roles; nematode metabolic rates provide an indicator of the
effect of the toxicant on physiological function. The objectives
of the studies were to (i) develop bioassays for health or tox-
icity of the soil ecosystem based on abundance, community
structure, metabolic/respiration rates, or combinations thereof
and (ii) test the bioassays in laboratory and field settings.

MATERIALS AND METHODS

Soils and Toxicants

Soils selected for laboratory assays in this study were silt
loams from agricultural fields at the University of California,
Davis, and a neighboring riparian area along Putah Creek
(Yolo silt loam, typic xerorthents, 15% H2O, 1.2% organic C,
pH 6.8). Soils were passed through a 4-mm sieve and stored at
4°C. Prior to use, soil was incubated at 25°C for 18–24 hr.
Assays were conducted with trichloroethylene (TCE) and tolu-
ene, alone and in combination, and with metam-sodium (MS).
TCE is a volatile compound of increasing concern as a ground-
water contaminant because of its persistence (Fulleret al.,
1997; Westricket al.,1984). While evidence of biodegradation
has been reported (Kleopfer and Rittmann, 1982; Parsons and
Lage, 1985; Vogel and McCarty, 1985), the products of deg-
radation include equally harmful metabolites, including dichlo-
roethylenes and vinyl chloride. Metam-sodium is a toxicant
with fungicidal, nematicidal, and herbicidal actions that result
from the release of methyl isothiocyanate.

Abundance and Community Structure Assays

Fifty-gram (dry weight) samples of agricultural or riparian
soil were weighed into 250-ml glass bottles (Qorpak Boston
Rounds, Fisher Scientific, Fair Lawn, NJ) equipped with 24-
mm Mininert caps (Dynatech Precision Sampling Corp., Baton
Rouge, LA) and exposed to TCE concentrations of 0, 1, and 30
mg ml−1 soil solution. Three or four replications were used in
different experiments. Before incubation, and after 28 days of
incubation, the resident nematodes were extracted from the soil
by a modified Cobb’s sieving–centrifugation procedure (Fuller
et al., 1997; Jaffeeet al., 1988).

Nematodes were counted and classified by family; an index
of community structure, the maturity index (MI), was calcu-
lated. The MI is based on a grouping of nematode families into
five categories, from ‘‘colonizers,’’ characterized by a high
reproductive rate indicating opportunists or r-strategists, to
‘‘persisters,’’ characterized by a low reproductive rate indicat-
ing k-strategists. Colonizers (c) are assigned a value of 1 and

persisters (p) a value of 5. Families which have characteristics
of both types are assigned intermediate values on the c-p scale.
The MI value is calculated as the weighted mean of the indi-
vidual c-p values:

MI 4 S v(i) × f(i), (1)

wherev(i) is the c-p value of taxon i andf(i) the proportion of
taxon i in a sample (Bongers, 1990). Plant-parasitic nematodes
and nematodes in families with the c-p value of 1 were omitted
from all MI calculations because their presence reflects sub-
strate availability rather than stress (Bongers and Korthals,
1993, 1994).

Respiration Assay

The first step in developing the assay was to select a bacte-
rial-feeding nematode as the test species. Three species of bac-
terial feeding nematodes (Cruznema tripartitum, Cephalobus
persegnis,andRhabditis cucumeris) were placed into concen-
trations of TCE (0, 1, and 30mg ml−1) or TCE in combination
with toluene (0, 1, and 30mg ml−1 TCE with 20 mg ml−1

toluene) in 250-ml bottles. After gentle shaking for 48 hr at
25°C, each sample was aerated for 10 min to remove trace
amounts of TCE and toluene. The samples were placed on
Baermann funnels. Nematodes that moved across the filter
were collected after 48 hr and counted.Cruznema tripartitum
was selected as the test organism (see justification under Re-
sults). Voucher specimens ofC. tripartitum have been depos-
ited in the University of California, Davis, Nematode Collec-
tion (Accession Nos. UCDNC 2910 and 2911).

C. tripartitumwas obtained from the field site of a long-term
low-input sustainable agriculture experiment at the University
of California (Templeet al., 1994). The nematode was grown
gnotobiotically onEscherichia colistrain OP50 on nematode
growth medium (Sulston and Hodgkin, 1988). The growth me-
dium consisted of bacto-peptone (2.5 g liter−1; Difco Labora-
tories, Detroit, MI), bacto-agar (17 g liter−1; Difco Laborato-
ries, Detroit, MI), cholesterol (1.0 ml of 5 mg ml−1 in ethanol;
Eastman Fine Chemicals, Rochester, NY), and NaCl (3 g li-
ter−1). This stock solution was autoclaved for 20 min at 250°C.
CaCl2 (1 M, 1.0 ml), MgSO4 (1 M, 1.0 ml), and K2PO4 (1 M,
pH 6.0, 25 ml) were individually prepared, filter-sterilized, and
added to the stock solution immediately after autoclaving.
Gnotobiotic nematode culturing conditions were used since
unknown soil bacteria may transform the toxicants, with a
consequent effect on the respiration and mortality rate ofC.
tripartitum (Fuller et al., 1997).

Soil was collected from the agricultural site and 50 g (dry
weight) was placed in each of 36 glass bottles with Mininert
caps. The toxicant treatment series was 0, 1, and 30mg ml−1

TCE. A suspension ofE. coli was added to half the bottles at
each concentration level to test whether assay results were
impacted by the presence of a food source for the nematode.
Two methods were tested for assessing the sensitivity of nem-
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atode respiration rates to chemical stress: (i) nematodes were
incubated in the soil for 48 hr at 25°C and then extracted
(Method I) and (ii) nematodes were incubated in a water ex-
tract of the contaminated soil (Method II). In Method I, con-
centrations of the toxicant in the soil were confirmed by gas
chromatography after 24 hr. After 48 hr, TCE was removed
from the bottles by venting. Approx 50,000C. tripartitumwere
added to half of the bottles of each TCE concentration/E. coli
combination. After 48 hr exposure, native and indicator nem-
atodes were extracted from the soil by Cobb’s sieving–
centrifugation (Jaffeeet al., 1988). In Method II, a saturation
extract of the soil solution was prepared from each bottle by
adding 25 ml distilled water, shaking vigorously, waiting 15
sec for the particles to settle, and withdrawing 10 ml of the
supernatant. The supernatant was divided in half, and approx
50,000C. tripartitum were added to one half. The samples
were shaken for 48 hr at 25°C. Nematodes from both water
extract and soil incubation methods were measured to allow
calculation of biomass (Ferriset al., 1995).

After the exposure period in both methods, the nematode
suspension was centrifuged and the supernatant removed. The
pellets were placed in respiration chambers to measure CO2

evolution rates using an infrared CO2 analyzer (LiCor LI-6000,
Lincoln, NE). The treatments withoutC. tripartitum allowed
assessment of biomass and respiration of the resident nematode
population and addedE. coli. Those values were subtracted
from measurements of the equivalent treatments withC. tri-
partitum.

The relationship between nematode respiration rate and
body weight is described by

R 4 aW0.75 (2)

whereR is the CO2 evolution individual−1 hr−1, W is the body
weight of the individual, anda is the species-specific respira-
tion rate of an individual of unit weight. Standardized respira-
tion rates forC. tripartitum (expressed asa values) were cal-
culated from measurements of CO2 evolution over 30-min pe-
riods at 20°C from a known biomass of indicator nematodes
(Ferriset al., 1995).

Mortality rates before and after the respiration assay were
determined using the Baermann funnel method.C. tripartitum
from each sample were placed on Baermann funnels for 48 hr.
Nematode survival was determined from the number of indi-
viduals moving through the filter.

Testing the Assay

In laboratory tests, two concentration ranges of MS (0, 16,
and 1600mg ml−1 or 0, 1.56, and 6.25mg ml−1) were estab-
lished in 75 g soil in 250-ml glass bottles. In each test, soil in
the bottles was inoculated with 15,000–25,000C. tripartitum
and the toxicant was vented after incubation for 48 hr at 25°C.
To test the effect of a food source for the nematode,E. coli was
added to soil in half the bottles at each concentration level. The

control series consisted of an equal number of bottles set up
and treated identically, but withoutC. tripartitum.There were
three replications of each treatment combination. After incu-
bation, nematodes were extracted from the soil in each bottle,
and respiration rates were measured as previously described.
Each test was repeated three times.

To test the utility of the assay in the field, a test site was
selected at the Holly Sugar Research Farm in Tracy, California.
The site allowed testing of the effects of aldicarb (a carbamate
nematicide) alone, and MS and aldicarb in combination. Con-
trol and test plots were separated by a 3-m buffer area. Plot size
was 30 × 10 m. Soil was collected on eight dates (0, 3, 5, 10,
17, 24, 38, and 52 days after application of MS). Samples
consisted of 12 cores at 0–15 cm depth taken randomly from
each plot with a 2.5-cm-diam Oakfield sampling tube. A 400-
cc subsample was taken from each sample, transferred to a
sealed mason jar, placed on ice, and immediately transported to
the laboratory. Three samples were taken from each plot at
each sampling date. In the laboratory, two 75-g soil samples
were removed from each mason jar and placed into 250-ml
glass bottles. Soil in one bottle from each jar was inoculated
with 15,000–25,000C. tripartitum; bottles were incubated for
48 hr at 25°C. After incubation, nematodes were extracted
from the soil in each bottle; respiration and mortality rates of
C. tripartitum and resident nematodes were measured. Respi-
ration rates of resident nematodes from bottles to whichC.
tripartitum had not been added were subtracted from those to
which it had been added.

RESULTS

Abundance and Community Structure Assays

Abundance of the resident nematodes after exposure to TCE
was greater in the agricultural soil than in the riparian soil (Fig.
1A). There was no significant effect of TCE on nematode
abundance in the riparian soil. In the agricultural soil there was
a slight increase in nematode abundance at low TCE levels.
The nematode maturity index was somewhat greater in the
riparian than the agricultural soil (2.9 to 2.1) with plant para-
sites and class 1 nematodes eliminated. There was no signifi-
cant effect of TCE on MI in either riparian or agricultural soils
(Fig. 1B). However, there was a strong decreasing trend in MI
with increase in toxicant concentration in the riparian soil
where the nematode community was more structurally diverse
(Fuller et al., 1997).

Respiration Assay

While all three species of bacterial-feeding nematodes were
tolerant to lower concentrations of TCE and toluene,C. tri-
paritum was selected as the test organism due to its ability to
tolerate higher concentrations of TCE and toluene (Fig. 2).
There were no differences in respiration rates ofC. tripartitum
at 20°C after incubation for 48 hr at 25°C in aqueous extracts
of soil except at the highest concentration of TCE with no
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bacterial food substrate added (data not provided). However,
following incubation in soil for 48 hr at 25°C in a range of
concentrations of TCE, respiration rates ofC. tripartitum at
20°C declined (Fig. 1C). Expecteda values were determined
from previous research based on the temperature conditions of
this assay (Ferriset al., 1995). Most nematodes survived ex-
posure to TCE in the soil.

Testing the Assay

The abundance of all soil nematodes decreased significantly
at high concentrations of MS in laboratory tests and no effects
were observed at concentrations of 16mg ml−1 or less (Fig.
3A). There was a significant decline in MI in the riparian soil
when exposed to MS (Fig. 3B). In tests of the respiration rates
of C. tripartitumafter exposure to MS in soil at 20°C, no assay

nematodes survived the highest rate of 1600mg ml−1; however,
all nematodes survived the other dosage rates. At all other
dosage rates, the respiration rate declined with increased dos-
age of toxicant (Fig. 4).

The field study of the impact of multiple stressors (MS and
aldicarb) on ecosystem health revealed a 25-day recovery from
exposure to aldicarb alone, and a delayed onset of recovery
from the combined impact of both stressors (Fig. 5). The assay
nematodes did not survive exposure to the multiple-stressed
soil until 11 days after treatment.

DISCUSSION

The abundance of organisms, particularly key species, is
often proposed as a biomarker of ecosystem health (Peakall,
1994; Stork and Eggleton, 1992). A difficulty with markers of
this type is the lack of knowledge of the abundance of indi-
viduals present in the system prior to the exposure. There are
two solutions to that problem. Nematode abundance in the
contaminated area can be compared with that in neighboring
noncontaminated areas. That assumes the availability of neigh-
boring noncontaminated areas and that those areas started with
the same abundance and community structure as the contami-
nated area. The second solution is to introduce known numbers
of marker nematodes into both contaminated and noncontami-
nated soils, remove them after a fixed exposure period, and
measure survival. The species selected must not already be
present in the community. In these studies, the second ap-
proach is taken a step further in that physiological activity of
the surviving nematodes is measured. Physiological processes
inherent in life functions may be differentially impaired in
contaminated ecosystems, but measurement of respiration in-
tegrates across the effect of toxins on many of those processes.
A single-species assay should be more consistent and rigorous
than a measurement of general soil respiration.

Several studies suggest that the diversity, species composi-
tion, and activity levels of nematode populations may be ex-

FIG. 2. Survival of three species of bacterial-feeding nematodes after
exposure to trichloroethylene–toluene mixtures in water.

FIG. 1. Assay development with trichloroethylene (TCE). (A) Abundance
of resident nematodes in soils from two sites before and after exposure for 28
days to varying concentrations of TCE (from Fulleret al., 1996). (B) Com-
munity structure of resident nematodes as measured by the maturity index
(Bongers, 1990) in soils from two sites before and after exposure for 28 days
to varying concentrations of TCE (from Fulleret al., 1996). (C) Respiration
rates ofCruznema tripartitumbefore and after 48 hr exposure to TCE in soil.
Values do not differ significantly when bars are marked with the same letter (a

4 0.05); data from different experiments are marked with letters of different
case.
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cellent and readily measured indicators of environmental qual-
ity. Nematodes are proving useful indicators of pollution levels
in aquatic and soil systems, and in industrial toxicology
(Samoiloff, 1990; Van Kesselet al., 1989; Vrankenet al.,
1991). Since differences in numbers did not correlate with TCE
concentrations, nematode abundance was found to be an in-
consistent indicator of chemical stress. The Bongers (1990)
maturity index, based on composition and abundance of the
nematode community, has been tested as a basis for an eco-

logical classification of soil (De Goede and Bongers, 1994).
The MI provides a 1–5 scale for ecosystem quality, with 1
being the most contaminated/disturbed and 5 being the most
pristine. It is also used as a tool to assess the suitability of
reference sites for environmental monitoring (Neher and
Campbell, 1994). However, MI was only useful as an assay of
toxicant concentration and health of the soil ecosystem when
soils contained diverse nematode communities that included
significant proportions of species in higher c-p classes. Agri-
cultural soils may be frequently disturbed through tillage prac-
tices, cultural operations, and cropping sequences, which may
result in relatively low MI values (e.g., see Ferriset al.,1996).
In soils where the c-p values of the nematode community are
low, the sensitivity of the MI to chemical stress is diminished.

The bacterial-feeding nematode,C. tripartitum,proved to be
a useful assay organism because it survives in contaminated
environments and its respiration rate reflected the degree of
contamination. The nematode respiration assay (Figs. 1C and
4) provided a more sensitive and consistent measure of soil
health in relation to the chemical stressors MS and TCE than
assays based on either nematode mortality (Figs. 1A and 3A)
or nematode community structure (Figs. 1B and 3B). Since
differences in respiration rates ofC. tripartitum after exposure
to water extract from contaminated soil were not significant,
Method II is considered an unreliable indicator of chemical
stress. Apparently, the TCE used in these tests volatilized in the
soil extract. Since significant differences of respiration rates
correlated with degree of chemical stress when nematodes
were introduced directly into the contaminated soil, Method I
was the most useful assay.

Stress may suppress respiration of nematodes through direct
effects on respiratory physiology, or through effects on growth,
feeding, and locomotion (Samoiloff, 1980; Vrankenet al.,
1991). Ecosystem contamination may also result in reduced
availability of food for the soil biota, indirectly suppressing

FIG. 3. Assay testing with metam-sodium (MS). (A) Abundance of resi-
dent nematodes in soil from a riparian site before and after exposure for 28
days to varying concentrations of MS. (B) Community structure of resident
nematodes as measured by the maturity index (Bongers, 1990) in soil from a
riparian site before and after exposure for 28 days to varying concentrations of
MS. Values do not differ significantly when bars are marked with the same
letter (a 4 0.05).

FIG. 4. Assay testing with metam-sodium (MS). Respiration rates of
Cruznema tripartitumbefore and after 48 hr exposure to MS in soil. Values do
not differ significantly when bars are marked with the same letter (a 4 0.05);
data from different experiments are marked with letters of different case.

FIG. 5. Respiration rates ofCruznema tripartitumafter 48 hr exposure in
soils at different time intervals after treatment with aldicarb alone or aldicarb
and metam-sodium in combination.
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nematode respiration. In the current experiments, theE. coli
treatments allowed assessment of the contribution of food limi-
tation to respiration suppression. Respiration rates ofC. tripar-
titum following the soil exposure method declined with expo-
sure to increasing concentrations of TCE (Fig. 1C). The addi-
tion of bacteria during the incubation did not significantly
increase respiration rate at any concentration of TCE. Thus, it
seems likely that TCE directly affected nematode metabolic
processes, rather than indirectly influencing respiration
through impacts on food supply.

The Holly Sugar Research Farm provided an opportunity to
measure the effects of multiple stressors as the MS was applied
to a field already treated with aldicarb. The bioassay proved to
be a useful indicator of the impact of the stressors on biological
activity in the soil. Recovery of soil health was delayed in the
presence of both stressors (Fig. 5). Survival of the assay nem-
atode in the multiple-stressed soil was poor until 11 days after
treatment. After that, the rate of recovery from the combined
stressors was faster than that for aldicarb alone, probably in-
dicating more rapid bioremediation and/or degradation of the
MS than of the aldicarb.

CONCLUSION

Biological indicators of contamination or ecosystem health
are useful in that they reflect the integration of a toxicant across
the life processes of biological systems. In contrast to chemical
analyses, which generally require knowledge of the nature of
the contaminant, biological assays indicate the degree of im-
pact of one or many contaminants, even when the nature of
those contaminants is unknown. Clearly, such assays are useful
in detecting the presence of a contaminant and in monitoring
the persistence of that contaminant. Determination of the na-
ture of the contaminant will require appropriate chemical
analyses. Population and community level assays with soil
nematodes were evaluated and found to be unreliable or am-
biguous in interpretation. An assay at the organismal level,
based on respiration rates of the bacterial-feeding nematode
Cruznema tripartitum,could complement existing tests and
help fill the need for multicellular organisms in ecotoxicologi-
cal studies and site assessment (Dowd, 1984; Porcella, 1983).
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