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Abstract—Three biomarkers in Aporrectodea caliginosa Savigny were evaluated for their ability to detect exposure to organo-
phosphorus insecticides, and these physiological responses were related to effects on growth and life-table parameters. Adult and
juvenile earthworms were exposed to a laboratory-simulated field rate (low concentration) and a higher sublethal concentration of
diazinon and chlorpyrifos. After afour-week exposure, juveniles were evaluated for cholinesterase activity, glutathione S-transferase
activity, and growth, and adults were evaluated for the lysosomal neutral red retention assay (NRRA) and growth. Cholinesterase
activity and the NRRA were more sensitive than growth in each age group for detecting exposure to the pesticides. Life-table
parameters were evaluated in earthworms exposed as juveniles and as adults. Maturation was |less sensitive to pesticides than was
cocoon production. Growth and cocoon production in earthworms exposed as juveniles appeared to be more sensitive to organo-
phosphorus insecticides than earthworms exposed as adults. Life-table responses in juveniles may, therefore, be more predictive
of long-term impacts of organophosphorus insecticide applications on populations than responses in adults. Biomarker responses
occurred at similar or lower concentrations than those causing an adverse effect on cocoon production and cocoon viability, indicating

their usefulness in risk assessment for predicting ecologically relevant assessment end points.

K eywor ds—Earthworms Biomarkers Fecundity

INTRODUCTION

The application of man-made chemicals to the environment
has resulted in the need for development of methods to assess,
monitor, and mitigate their impacts. Until recently, the most
common end point measured when evaluating toxicity of
chemicals to earthworms was mortality. While mortality (mea-
sured as the LC50, or the concentration that is lethal to 50%
of individuals) values are widely used, they can provide only
a measure of short-term acute toxicity and are not always
useful for predicting the ecological consequences of exposure
to aparticular chemical, e.g., as seen with reproduction, where
effects are observed at concentrations well below the LC50
value [1]. The use of biomarkers in environmental monitoring
is now becoming a routine method for examining toxicity of
chemicals [2]. Biomarkers can provide information on the po-
tential adverse impacts of contaminants and can act as early
warning signals of impending environmental damage.

Eisenia fetida Savigny is the standard test earthworm rec-
ommended for use in terrestrial ecotoxicology testing [3], but
its occurrence is limited to sites rich in organic matter, such
as dung heaps, and hence it is not an ideal species for extrap-
olation of laboratory data to field conditions. Aporrectodea
caliginosa Savigny is widespread throughout both Northern
and Southern Hemisphere countries and is the most common
earthworm in New Zealand. It is found in arable and pasture
land [4,5], and due to its habitat in the topsoil, it is vulnerable
to surface-applied pesticides. Thisincreases its ecological rel-
evance compared with E. fetida, which makes it an ideal can-
didate for assessment of the potential impact of agrochemicals
in the field.

* To whom correspondence may be addressed
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The biomarkers evaluated here are cholinesterase (ChE)
activity, which has been used to detect organophosphorus in-
secticide exposure in a variety of species [6-8]; glutathione
Stransferase (GST) activity, which is involved in the detox-
ification of xenobiotics [9]; and the lysosomal neutral red re-
tention assay (NRRA), which gives a measure of membrane
stability by measuring the retention time of neutral red (NRRT)
within lysosomes. The NRRA makes use of the fact that ly-
sosomes in healthy, unstressed cells will retain the neutral red
dye for long periods after uptake, which results in a high
NRRT. In contrast, in stressed cells, dye will leak from the
lysosomes into the cytoplasm more rapidly, leading to alower
NRRT value. Thisassay has been used as a biomarker of heavy
metal and polyaromatic hydrocarbon contamination [10,11].
However, for these biomarkers to be applied in auseful manner
for predicting the impacts of contaminants in the field, they
need to be linked to long-term effects on the organism.

To evaluate long-term effects of chemicals on earthworms,
growth and assessment of life-table parameters have proved
to be sensitive parameters. Life-table parameters include ef-
fects on maturation of juveniles, cocoon production, and co-
coon viability. Cocoon production can be adversely affected
by exposure to contaminants at concentrations that do not af-
fect adult mortality. This means that, even though population
densities of earthworms may not be immediately affected by
a chemical exposure, adverse reproductive consequences may
subsequently result in a reduction in population density. In
addition, cocoon viability or hatching success are more sen-
sitive to pesticide exposure than is mortality [12].

To date, most earthworm toxicity testing has been con-
ducted using adults. However, juveniles are often more sen-
sitive to toxic chemicals than are adults [13]. Furthermore,
contaminants can affect growth and sexua development in
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juvenile earthworms at concentrations |ess than those affecting
adults [14,15]. Consequently, the use of toxicity data obtained
exclusively from adult specimens to eval uate ecotoxicol ogical
risk may underestimate the effects of pollutants on soil in-
vertebrate populations.

The aim of this research was to compare the effects of
diazinon and chlorpyrifos on the three biomarkers ChE, GST,
and the NRRA and to evaluate their potential usefulnessin a
field situation by relating the biomarker response to long-term
effects on the organism, such as growth and fecundity.

MATERIALS AND METHODS

Pesticides

The pesticides tested in these experiments were the organ-
ophosphorus insecticides diazinon (Basudin 600EW [60%
a.i.], Novartis, Auckland, NZ) and chlorpyrifos (L orsban 40EC
[40% a.i.], Dow Elanco, New Plymouth, NZ). Both pesticides
are commonly used on pasture and arable land in the Canter-
bury region of New Zealand, mainly to control grass grub
(Costelytra zealandica) and porina caterpillars (Wisean cer-
vinata). Tap water was used as a control.

Invertebrates

A laboratory colony of A. caliginosa was derived from
adult earthworms collected in Canterbury, New Zealand. Tem-
pleton silt loam (3.8% organic matter) was prepared by drying
the soil at 30°C for 24 h to kill any earthworms and other
macroinvertebrates. The soil was then rehydrated to produce
a moisture content of 20 to 25%. Dry grass meal was added
at the rate of 15 g/kg dry soil to provide food for the earth-
worms. The pH of the reconstituted soil was 6.5 to 7. Adult
earthworms were maintained in this soil in 1-L glassjars. The
soil was changed once every four weeks and cocoons were
removed and maintained on wet filter paper until hatching.
Juvenile earthworms were then placed in 10-L plastic buckets
containing the previously described soil. Soil was changed
every four weeks and earthworms were maintained until re-
quired for experimentation. All earthworms were maintained
in the dark at 20°C.

Preparation of soil

Laboratory tests were adapted from the Organization for
Economic Cooperation and Development (OECD), Paris,
France, guideline 207 [3] using the natural soil described above
in place of artificial soil. Earthworms were exposed to a high
sublethal concentration of diazinon (60 mg/kg) or chlorpyrifos
(28 mg/kg), as determined in previous experiments (data not
shown), and to a lower (laboratory-simulated field rate) con-
centration for each pesticide and were compared with water
controls containing no pesticide. The low concentrations were
based on estimates of the amount of pesticide that earthworms
would be exposed to in the field following application of the
pesticides at manufacturers’ recommended rates. The calcu-
lations assumed that the pesticide would not penetrate the soil
below 13 mm [16]; therefore, when diazinon is applied at the
maximum field rate of 4 L of Basudin® (600EW, Novartis) per
hectare, the maximum concentration in the soil would be 18.46
g ai./m3, which equates to 12 mg/kg (dry wt). When chlor-
pyrifos is applied at the field rate of 2 L of Lorsban (40EC,
Dow Elanco) per hectare, the maximum concentration in the
soil would be 6.15 g a.i./m3, which equates to 4 mg/kg. The
desired amount of pesticide was thoroughly mixed into soil as
an agueous solution to give the working concentration of pes-
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ticide, and soil was placed into glass jars. During all experi-
ments, jars were maintained in an incubator at 20°C with con-
stant light. Moisture content was checked weekly and main-
tained at 25% by adjusting the weight of the jar against the
weight known from the previous week prior to sampling.

Assessment of biomarkers and life-table parameters

A series of four experiments was conducted to evaluate the
responses of juvenile and adult earthworms to diazinon and
chlorpyrifos. Those experiments were biomarkers and growth
in juveniles, biomarkers and growth in adults, life-table pa-
rameters in juveniles, and life-table parameters in adults.

Assessment of biomarkers and growth in juveniles

Cholinesterase and GST activities were measured only in
juveniles. In two separate experiments (one for diazinon and
one for chlorpyrifos), 500 g of prepared soil was placed into
500-ml jars. Ten juvenile A. caliginosa (one-three months old)
were added to each of eight replicate jars for each pesticide
treatment/exposure period, and these were compared with con-
trols at each time point. After one-, two-, and four-week ex-
posures, earthworms were removed from the relevant jars for
that time point and frozen for subsequent ChE and GST activity
analysis. Earthworms that were maintained for four weeks
were weighed weekly to determine the effect of each pesticide
on growth.

Enzyme biomarker assays

Enzyme activity and protein concentrations were deter-
mined using a Reader 340 ATTC (SLT Instruments, Salzberg/
Grodig, Austria) with 96-well microtiter plates (Corning, NY,
USA) and the software 2000 package (SLT Instruments, Salz-
berg/Grodig, Austria). Frozen samples of earthworms were
defrosted slowly onice. The samples for determination of ChE
activity were prepared by homogenization using an ultraturrax
with a 5-mm element. Ten earthworms were homogenized in
4 ml of ice-cold phosphate buffer containing 0.02 M potassium
phosphate (BDH, NZ), pH 7.5. After a 60-min settling period
on ice, the crude homogenate was used for analysis. For GST
activity, earthworm samples were homogenized in ice-cold
phosphate buffer containing 0.02 M potassium phosphate plus
2 mM glutathione (reduced form, GSH) (Sigma Chemical, St.
Louis, MO, USA), pH 7.0. Analysis was conducted using the
supernatant following centrifugation of homogenate at 10,000
g for 5 min.

Cholinesterase activity was determined using a method
based on that described by Ellman et al. [17] adapted for use
in earthworms and minimized for microtiter plates. In sum-
mary, 15 mM acetylthiocholine iodide (final concentration)
(Sigma) was added to the reaction mixture containing ho-
mogenate, 0.02 M potassium phosphate buffer, and 0.5 mM
5,5’-dithio-bis-2-nitrobenzoic acid (final concentration) (Sig-
ma). Acetylthiocholine iodide is hydrolyzed by cholinesterase
and releases thiocholine, which reacts with 5,5'-dithio-bis-2-
nitrobenzoic acid to produce a yellow anion, which is detected
spectrophotometrically at 405 nm. Cholinesterase activity is
expressed as nmoles acetylthiocholine hydrolyzed/min/mg
protein.

Glutathione Stransferase activity was determined by the
method of Habig et al. [18], adapted for earthworms and min-
imized for microtiter plates. The substrate 1 mM 1-chloro-2,4-
dinitrobenzene (final concentration) (Sigma) in ethanol (0.05%
final concentration) was added to the reaction mixture con-
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taining GSH and homogenate. The GST catalyzes the conju-
gation of 1-chloro-2,4-dinitrobenzene to glutathione, produc-
ing S(2,4-dinitrophenyl) glutathione, and enzyme activity is
monitored spectrophotometrically at 340 nm. Activity is ex-
pressed as nmoles GSH conjugated/min/mg protein.

Samples were analyzed for protein content using the Brad-
ford method [19], with bovine serum albumin (BSA, Sigma)
as a standard.

Assessment of biomarkers and growth in adults

The NRRA was measured only in adults. In two separate
experiments (one for diazinon and one for chlorpyrifos), 1 kg
of prepared soil was placed into 1-liter jars. Ten adult A. cal-
iginosa were weighed and added to each of four replicate jars/
treatment. The start of the experiment was staggered so that
earthworms were placed in one replicate from each treatment
on each of thefirst 4 d of the week. Earthworms were weighed
weekly to determine the effect of pesticide on growth, and
after four weeks, the NRRT for each earthworm was deter-
mined.

Neutral red retention time assays

A neutral red working solution of 80 mg/ml was prepared
in earthworm physiological ringer solution [20]. Celomic fluid
was collected from the earthworm by inserting a 25-g needle
containing 50 wl of ringer into the celomic cavity posterior to
the clitellum and allowing it to fill by intracelomic pressure
and a gentle drawing action on the syringe. The celomic fluid
was then placed onto a clean glass slide and mixed with an
equal volume of neutral red solution before a cover slip was
placed on top. Slides were scanned for 2 min at 5-minintervals
and the number of stained and unstained cells counted. Mi-
croscope slides were kept in a humidity chamber when not
under observation. The cells were counted until 50% of the
cells were red or for 60 min. This time was recorded as the
neutral red retention time.

Effects on life-table parameters in juveniles

Juvenile earthworms three months old and weighing 200
to 300 mg were exposed to pesticide-contaminated soil (Tem-
pleton silt loam) for 12 weeks and compared with controls.
To each of four replicate jars for each treatment, 500 g of
prepared soil and 10 earthworms were added. Three sets of
four jars for each treatment were prepared so that the earth-
worms could be removed from the soil and placed into fresh
contaminated soil monthly to allow 12 weeks of continuous
exposure. The pesticide concentrations in each set of jars were
analyzed prior to addition of earthworms to ensure the con-
centrations of each set of jars were the same. After 2, 4, 6, 8,
10, and 12 weeks of exposure, earthworms were weighed and
maturity was determined from the presence of a fully devel-
oped clitellum. Soil was wet sieved at 4, 8, and 12 weeks to
remove cocoons. Pesticide concentrations and pH were mon-
itored to ensure conditions throughout the experiment were
strictly controlled. Cocoons were placed into 90-mm petri dish-
es with wet filter paper and kept under controlled conditions
until hatching (four—six weeks) and cocoon viability was cal-
culated.

Effects on life-table parameters in adults

Adult earthworms of 500 to 600 mg were exposed to pes-
ticide-contaminated soil for four weeks (exposure period) and
compared with controls. To each of four replicate jars for each
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treatment, 1 kg of prepared soil and 10 earthwormswere added.
Earthworms were weighed weekly and, after four weeks, adult
earthworms were removed from the pesticide-contaminated
soil. To monitor recovery, adults were then placed in fresh soil
(no pesticide) and maintained until growth and cocoon pro-
duction were similar in all treatments. Earthworms were
weighed every two weeks, and every four weeks, the soil was
wet sieved to remove cocoons. Cocoons were placed into 90-
mm petri dishes with wet filter paper and rinsed with fresh
water every second day to prevent growth of mold on the
cocoons. The cocoons were kept under controlled conditions
until hatching (four—six weeks), and cocoon viability was cal-
culated.

Satistics

Cholinesterase and GST activities were analyzed using AN-
OVA in SYSTAT (SPSS, Chicago, IL, USA) with treatment
and day as factors, with post hoc comparisons of treatment
means made using Tukey’s test. Data were log transformed to
normalize prior to analysis.

Data from the NRRA were treated as censored tolerance
data because recording stopped at 60 min. A simple exponen-
tial model was fitted to data from each jar, giving estimates
of a parameter and its variance for each replicate. These were
then fed into a normal-based experimental design model with
two variance components, i.e., the within-replicate variation,
taken as the variances estimated in the survival analyses, and
a between-unit component, requiring estimation. Models were
fitted using maximum likelihood, and likelihood ratio tests
were used to compare different models. Three models were
fitted for each data set, including the null model, assuming all
three groups give the same results; a model allowing the con-
trol to differ from the two treatments; and a model allowing
all three groups to differ. These were compared using likeli-
hood ratio tests.

Growth and fecundity data were analyzed by repeated mea-
sures ANOVA in SYSTAT and the Huyn—Feldt epsilon was
used to calculate p- values. Post hoc comparisons of treatment
means were made using the Bonferroni adjustment to calculate
p-values. Growth data were log transformed to normalize prior
to analysis, and maturation data were transformed by arcsin
(square root [x]) to normalize prior to analysis.

To determine the concentrations of each pesticide causing
adverse effects on biomarker response, growth, and fecundity,
data were analyzed using ANOVA with a post hoc Dunnett’'s
test at a significance of p < 0.05.

Cocoon production by earthworms exposed to pesticide-
treated soil for four weeks as juveniles or as adults was com-
pared using calculated control means for each age group. The
remaining treatments were then divided by the control mean,
giving a measure of inhibition of cocoon production (relative
to the mean for the control). Data were transformed by arcsin
(square root[x]) prior to analysis.

Cocoon viability was analyzed by repeated measures AN-
OVA in S-PLUS 2000 (Data Analysis Products, MathSoft,
Seattle, WA, USA). Pairwise comparisons of treatment means
were made using the Bonferroni adjustment to calculate p-
values.

RESULTS

Assessment of biomarkers and growth in juveniles

Cholinesterase activity was inhibited by exposure to 60 and
12 mg/kg diazinon compared with controls (F,,; = 21.99, p
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Fig. 1. Chlorinesterase (ChE) activity, glutathione S-transferase (GST)
activity, and growth in juvenile Aporrectodea caliginosa after ex-
posure to diazinon for four weeks (mean + standard error). O, ChE
activity; ¥, GST activity; @, growth.

< 0.0005), but there was no difference between activity at the
two concentrations (Fig. 1). After four weeks of exposure,
enzyme activity was inhibited by up to 90% compared with
control activity (43.3 nmoles/min/mg protein) in earthworms
exposed to 60 mg/kg diazinon (5.2 nmoles/min/mg protein)
and by up to 75% compared with controls at 12 mg/kg (11.6
nmoles/min/mg protein). Diazinon exposure significantly in-
hibited GST activity in juvenile earthworms exposed to both
12 mg/kg (30.9 nmoles/min/mg protein) and 60 mg/kg (nmoles/
min/mg protein) compared with controls (49.4 nmoles/min/mg
protein) (F,», = 540, p < 0.05) (Fig. 1). Earthworms also
experienced a concentration-dependent retardation of growth
at both concentrations of diazinon (Fg,s = 7.37, p < 0.0005)
(Fig. 1).

Chlorpyrifos acted similarly to diazinon, with dose-depen-
dent inhibition of ChE activity of 70% (8.4 nmoles/min/mg
protein) and 35% (18.9 nmoles/min/mg protein) for earth-
worms exposed to 28 and 4 mg/kg, respectively, compared
with controls (24.8 nmoles/min/mg protein) (F, ., = 54.79, p
< 0.0001) (Fig. 2). This effect increased with time (F,,s =
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Fig. 2. Chlorinesterase (ChE) activity, glutathione S-transferase (GST)
activity, and growth in juvenile Aporrectodea caliginosa after ex-
posure to chlorpyrifos for four weeks (mean * standard error). O,
ChE activity; ¥, GST activity; @, growth.
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Fig. 3. The neutral red retention assay (NRRA) and growth in adult
Aporrectodea caliginosa after exposure to diazinon for four weeks
(mean = standard error). O, NRRA; @, growth.

25.03, p < 0.0001), but this was not dependent on pesticide
concentration. Chlorpyrifos had no effect on GST activity at
either 4 mg/kg (98 nmoles/min/mg protein) and 28 mg/kg (84
nmoles/min/mg protein) compared with controls (101.4
nmoles/min/mg protein) (F,,s = 1.30, p = 0.28) (Fig. 2).
However, 28 mg/kg of chlorpyrifos had a significant effect on
earthworm growth (F,,, = 7.11, p < 0.001), but earthworms
exposed to 4 mg/kg of chlorpyrifos were not significantly dif-
ferent from the control (Fig. 2).

Assessment of biomarkers and growth in adults

The NRRT was significantly reduced in adult earthworms
exposed to diazinon from 56 min in the control to 20 and 14
min, respectively, for 12 and 60 mg/kg diazinon (x3 = 26.41,
p < 0.001) (Fig. 3). Chlorpyrifos had a similar effect, with a
reduction from 54 min in the controls to 26 and 18 min for 4
and 28 mg/kg chlorpyrifos, respectively (x3 = 20.36, p <
0.001) (Fig. 4). Growth appeared to be reduced in a concen-
tration-dependent manner by exposure to both diazinon (Fgss
= 2.90, p < 0.05) (Fig. 3) and chlorpyrifos (Fgss = 3.98, p
< 0.005) (Fig. 4). However, due to a high degree of measured

120
100 €
801
60
40

20 A

Biomarker response (% of control)

Chlorpyrifos (mg/kg)

Fig. 4. The neutral red retention (NRRA) and growth in adult Apor-
rectodea caliginosa after exposure to chlorpyrifos for four weeks
(mean = standard error). O, NRRA; @, growth.

G20z YoLel\ 0} U 1sonb Aq ££80€8./¥6+72/1 L/0Z/PI0IME/010/W00"dNo"oIEpED.//:SARY WOl PEPEoUMOQ



2498 Environ. Toxicol. Chem. 20, 2001

L.H. Booth and K. O’Halloran

Table 1. Growth of juvenile Aporrectodea caliginosa exposed to diazinon and chlorpyrifosfor 12 weeks
(mean * standard error)

Mean weight per earthworm (mg)?2

Treatment Week 0 Week 4 Week 8 Week 12
Control 257 = 8 659 + 78 599 + 136 632 = 73
12 mg/kg diazinon 237 = 40 512 = 73A 576 = 68 576 = 83
60 mg/kg diazinon 247 = 40 427 + 58A 462 + 87A 441 + 114A
4 mg/kg chlorpyrifos 270 = 17 562 = 78 554 + 86 394 = 78A
28 mg/kg chlorpyrifos 256 = 14 504 = 34A 468 + 120A 475 = 44A

aSignificant differences (p < 0.05) between treatment and control are indicated for each week. Values
with the same letter were significantly different from the control but not significantly different from

each other.

variability in this end point, significant differences were only
evident at the sublethal concentrations.

Effects on life-table parameters in juveniles

Pesticide exposure had a significant effect on growth in
juvenile earthworms, though these effects varied with time
(Fu4174 = 4.54, p = 0.0005) (Table 1). After four and six weeks
of exposure, growth differed from the control in all treatments
except for 4 mg/kg chlorpyrifos (p < 0.05). However, after
10 weeks, growth was significantly lower at this field appli-
cation rate of chlorpyrifos (p < 0.05). Growth in earthworms
exposed to 12 mg/kg diazinon had recovered to control levels
by eight weeks, while growth in earthworms exposed at the
sublethal concentrations of diazinon and chlorpyrifos was
slowed compared with the controls at all time points measured
(p < 0.05).

Maturation of juvenile earthworms was influenced by ex-
posure to pesticide, and this was aso dependent on time (F 1 4
= 2.73, p < 0.01) (Table 2). After four weeks of exposure,
maturation was significantly different from the control at the
sublethal concentration of both pesticides (p < 0.001), but not
at the simulated field rates. Control earthworms matured more
quickly than earthworms exposed to pesticide, but there was
no significant difference between any treatments by week 10,
and by week 12, all earthworms from all treatments were ma-
ture.

Cocoon production was significantly reduced by pesticide
exposure (F,,0 = 7.98, p < 0.005) relative to the controls
(Table 3). Cocoon production increased with time (p <
0.0001), and the difference in cocoon production in pesticide-
exposed earthworms relative to controls also appeared to in-
crease with time (as evidenced by square-root transformation
of data), indicating that, on the original scale, treatment dif-
ferences increased from week 4 to week 12. However, this

effect was not significant (Fg,, = 1.81, p = 0.135). Overall
cocoon production differed from the controls for all treatments
except for 4 mg/kg chlorpyrifos (p < 0.05[12 mg/kg diazinon],
p < 0.01 [60 mg/kg diazinon, 28 mg/kg chlorpyrifos]).
Cocoon viahility in juveniles exposed to pesticide was not
evaluated due to very low hatching even in controls, likely
due to growth of mold on cocoons. However, cocoon viability
was able to be evaluated in cocoons produced in the adult
exposure experiment by using improved procedures.

Effects on life-table parameters in adults

Growth in adult earthworms was significantly influenced
by exposure to pesticides (x3, = 88.61, p < 0.001), with sig-
nificant effects on growth in earthworms exposed to 60 mg/
kg diazinon and 28 mg/kg chlorpyrifos after four weeks (Table
4). After a four-week recovery period, earthworm growth had
returned to control levels in all pesticide-treated groups (p >
0.05 for al comparisons).

Cocoon production was significantly reduced by exposure
to both pesticides (F,,5s = 21.79, p < 0.001) (Table 5). Earth-
worms produced fewer cocoons than the controls for all treat-
ments except 4 mg/kg chlorpyrifos (p < 0.05 [12 mg/kg dia-
zinon], p < 0.0001 [60 mg/kg diazinon], p < 0.0005 [28 mg/
kg chlorpyrifos]). After a four-week recovery period, cocoon
production was still significantly less than the control for all
treatments except for 12 mg/kg diazinon (p < 0.001 [60 mg/
kg diazinon], p < 0.01 [4 mg/kg chlorpyrifos], p < 0.05 [28
mg/kg chlorpyrifos]). However, after an eight-week recovery
period, cocoon production of pesticide-exposed earthworms
had returned to control levels.

Although cocoon viability could not be assessed during the
four-week exposure period due to low success in controls and
treatments, after four weeks of recovery, viability of cocoons
from earthworms exposed to pesticides was significantly lower

Table 2. Maturation of juvenile Aporrectodea caliginosa exposed to diazinon and chlorpyrifos for 12
weeks (mean = standard error)

Number of mature earthworms (%)

Exposure treatment Week 4 Week 6 Week 8 Week 10 Week 12
Control 74+ 6 9 =+1 100 = 0O 100 = O 100 = 0
12 mg/kg diazinon 31+6 8l +6 86 = 5 94 + 2 100 = O
60 mg/kg diazinon 4 = 2A 26 = 8A 37 = 7A 69 = 7 100 = 0
4 mg/kg chlorpyrifos 34 +£5 79 +7 90 + 4 94 + 3 100 = 0O
28 mg/kg chlorpyrifos 17 + 7A 62 + 8 77 = 8 87 £ 6 100 = O

aSignificant differences (p < 0.05) between treatment and control are indicated for each week. Values
with the same letter were significantly different from the control but not significantly different from

each other.
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Table 3. Cocoon production by adult Aporrectodea caliginosa derived from juveniles exposed to
diazinon and chlorpyrifos for 12 weeks (mean *+ standard error)

Time (weeks)
Treatment Week 4 Week 8 Week 12 Overall?
Control 0.6 = 0.09 5.6 + 0.98 57 = 142 4.0 = 0.83
12 mg/kg diazinon 0=x0 1.27 = 0.59 0.93 = 0.43 0.73 = 0.34A
60 mg/kg diazinon 0.10 = 0.07 0.97 = 0.56 0.37 = 0.17 0.50 = 0.29A
4 mg/kg chlorpyrifos 0.33 = 0.27 31071 24 = 0.54 1.9 £ 051
28 mg/kg chlorpyrifos 0+x0 0.3 £ 0.12 0.6 = 0.12 0.3 = 0.08A

aQverall significant differences (p < 0.05) between treatment and control are indicated. Values with
the same letter were significantly different from the control but not significantly different from each

other.

than the controls (p < 0.05 [12 mg/kg diazinon], p < 0.01
[60 mg/kg diazinon], p < 0.005 [28 mg/kg chlorpyrifos]) (Ta-
ble 5). Like cocoon production, cocoon viability had recovered
by week 8 of the recovery period.

Comparison of cocoon production

To compare the sensitivity of cocoon production in earth-
worms exposed to pesticide as juveniles or as adults, the num-
ber of cocoons produced per adult was expressed as a percent
of the control. Cocoon production in adults exposed as juve-
niles to pesticide for four weeks was significantly lower than
in earthworms exposed as adults, but this was dependent on
treatment (F;,, = 6.03, p < 0.005). Juveniles exposed to the
simulated field rates of each pesticide subsequently produced
fewer cocoons than did earthworms exposed as adults (p <
0.01 [diazinon], p < 0.005 [chlorpyrifos]). Diminished cocoon
production in earthworms exposed to the high concentration
of each pesticide was similar for both age groups.

DISCUSSION

Three biomarkers and two life-stages of A. caliginosa were
assessed for their relative sensitivities when exposed to two
organophosphorus insecticides in common use in New Zea-
land, diazinon and chlorpyrifos.

Cholinesterase activity was strongly inhibited by both pes-
ticides and was sufficiently sensitive to detect pesticide levels
comparable with those applied to fields at recommended rates.
Activity was inhibited rapidly (within one week) and did not
show any return to preexposure levels even after four weeks,
indicating that the biomarker response is continuously de-
pressed in the presence of the contaminant and is therefore a
mechanistic marker. At the equivalent of the recommended
field application rate, ChE activity was inhibited by up to 70%

by diazinon and 24% by chlorpyrifos compared with controls.
This apparent difference in potency could be due to the dia-
zinon field rate having a threefold higher concentration of
active ingredient than that for chlorpyrifos. Pesticide-induced
effects on growth in juvenile earthworms were observed at
both concentrations of diazinon but only at the higher con-
centration of chlorpyrifos. To compare the relative sensitivity
of growth and biomarker response as indicators of pesticide
exposure, the lowest level of pesticide applied that produced
an effect was compared (Table 6). For ChE activity, the con-
centration of chlorpyrifos that caused a significant effect was
lower than that for growth (4 mg/kg for ChE and 28 mg/kg
for growth), while for diazinon, concentrations affecting ChE
activity and growth were the same (12 mg/kg). However, as
Figure 1 illustrates, the impacts of diazinon on ChE activity
in juveniles are far greater than those on growth (70% inhi-
bition of ChE activity compared with 30% reduction in
growth). Therefore, ChE activity isamore responsiveindicator
than is growth for detecting exposure to low concentrations
of diazinon and chlorpyrifos. The mechanism of biocidal ac-
tion of the organophosphorus insecticide compounds is via
inhibition of ChE enzymes, resulting in abnormalities in neu-
rotransmission and subsequent paralysis and death of the target
organism. It is likely that the same sequence of eventsis oc-
curring in the earthworm, where, once ChE is inhibited below
a certain threshold, interference with normal neural function
may be translated into an inhibition of growth.

Induction of GST activity has been reported in the earth-
worm Pheretima posthuma exposed to pesticides (lindane,
aldrin, and endosulfan) [21], but Stokke and Stenersen [22]
have reported that GST activity isnot inducible in earthworms
by known inducers of GST activity. The current research con-
firmed that GST activity was not induced by the two organ-

Table 4. Growth of adult Aporrectodea caliginosa exposed to diazinon and chlorpyrifos for four weeks
and recovery after removal to clean soil (mean + standard error)

Mean weight per earthworm (mg)

Exposure period

Recovery period

Treatment Week O Week 42 Week 8 Week 12

Control 708 = 21 1,007 + 26 1,347 + 44 1,163 + 78
12 mg/kg diazinon 701 = 15 889 = 20 1,071 + 34 1,136 + 18
60 mg/kg diazinon 772 = 48 870 + 63A 1,078 + 27 1,036 + 51
4 mg/kg chlorpyrifos 715 = 30 943 + 42 1,089 + 74 1,117 + 62
28 mg/kg chlorpyrifos 677 = 8 837 + 12A 948 + 75 1,096 + 46

aSignificant differences (p < 0.05) between treatment and control exist only in week 4. Values with
the same letter were significantly different from the control but not significantly different from each

other.
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Table 5. Cocoon production and cocoon viability in Aporrectodea caliginosa exposed as adults to
diazinon and chlorpyrifos for four weeks and recovery after removal to clean soil (mean + standard

error)2
Exposure period Recovery period
Week 4 Week 8 Week 12
Cocoons  Cocoon Cocoons Cocoon Cocoons  Cocoon
Treatment per adult  viability per adult viability per adult  viability
Control 87*x10 19=*x7 128 £ 1.6 70 £ 8 98+ 04 67*6
12 mg/kg diazinon 43+ 06A 2=x1 10 = 1.6 35+=x3A 9505 57x9
60 mg/kg diazinon 09 *02A 11+ 11 6.1+ 12A 31*+*5A 86=*13 69=*5
4 mg/kg chlorpyrifos 49+03 15=%5 83+ 21A 592 74 =02 69=*6
28 mg/kg chlorpyrifos 27 * 05A 12+ 6 71+ 11A 29*+4A 7304 78=x3

aSignificant differences (p < 0.05) between treatment and control are indicated for each week. Values
with the same letter were significantly different from the control but not significantly different from

each other.

ophosphorus insecticides used in this study, and in fact, dia-
zinon inhibited GST activity. Atrazine has been shown to in-
hibit GST activity at low concentrations, while at high con-
centrations, induction has been observed [23]. Therefore,
diazinon and chlorpyrifos may cause induction at higher con-
centrations, but these concentrations would not be realistic for
field exposure.

The NRRA in A. caliginosa was very sensitive to low
concentrations of pesticide and responded similarly to both
pesticides in a dose-dependent manner. Similarly, Eason et al.
[11] reported a significant reduction in NRRT in adult Eisenia
andrei after exposure to chlorpyrifos. The NRRA in A. cali-
ginosa has been further evaluated in a controlled field me-
socosm experiment and was reduced in response to exposure
to these pesticides at the recommended application rates for
vegetable crops [24]. Therefore, this biomarker is sufficiently
sensitive to detect exposure to field-relevant concentrations of
these pesticides. An analysis of growth in adult earthworms
used in the NRRT determinations showed that significant re-
ductions occurred only at the higher concentration for each
pesticide. This indicates that, as for ChE activity, changes in
NRRT may occur prior to any observed growth inhibition.

Growth in adult and juvenile earthworms was compared to
determine the relative sensitivity of each age group to pesticide
exposure. Given the differences in growth rates (a 20% in-
crease in adult weight after four weeks compared with 100%
weight increase in juveniles for the same time period), it is

Table 6. Summary of concentrations of diazinon and chlorpyrifos
causing adverse impacts on biomarkers, growth, and fecundity in
Aporrectodea caliginosa

L owest-observed-response
concentration

Diazinon Chlorpyrifos

Parameter being assessed (mg/kg) (mg/kg)
Juvenile parameters

Cholinesterase activity 12 4

Growth 12 28

Maturation 60 28

Cocoon production 12 28
Adult parameters

Neutral red retention time 12 4

Growth 60 28

Cocoon production 12 28

Cocoon viability 12 28

likely that growth in juveniles will be more sensitive to ex-
posure to pesticides than growth in adults. However, although
results for diazinon supported this supposition, as evidenced
by growth effects at lower concentrations for juveniles than
adults, chlorpyrifos did not.

The effects of diazinon and chlorpyrifos on life-table pa-
rameters in juvenile earthworms has been assessed previously
[25], and effects were only observed at the high concentration
of chlorpyrifos, and no effects were seen at the laboratory-
simulated field rates for either pesticide. However, earthworms
were only exposed to the pesticide-treated soil for four weeks.
In the field situation, these pesticides could persist in the soil
for longer time periods [16], e.g., chlorpyrifos typically per-
sists for 60 to 120 d in soil, but this is largely dependent on
environmental conditions, and chlorpyrifos has been found to
persist for up to two years in soil [26]. Newer products such
as sustained-release pellets, which release low levels of pes-
ticide into the soil over a much longer time frame, can persist
for up to 18 months [27]. Therefore, further experiments in-
vestigating the effects of long-term pesticide exposure on
earthworm growth and fecundity were conducted with juve-
niles. Growth in juveniles exposed to pesticide for 12 weeks
was significantly reduced by exposure to both pesticides at
both concentrations, although these effects varied with time.
Interestingly, diazinon appeared to have only atransitory effect
at the laboratory-simulated field rate, but at the sublethal con-
centration, the effect was continued. The laboratory-simulated
field rate of chlorpyrifos had the opposite effect, with no sig-
nificant effect on growth initially, but with long-term exposure,
as would occur with sustained-release pellets, growth was
eventually compromised. Growth in controls appeared to level
off once earthworms reached a certain weight (around 650 mg
mean body wt). This was likely due to overcrowding of the
resulting adult earthworms in the jars. For future experiments,
earthworms will be maintained in 1 kg of soil rather than in
500 g.

Exposure to a pollutant can impact on growth of an earth-
worm either by direct toxic effects on the organism or indi-
rectly, by impacting on the energy budget of the organism as
it attempts to detoxify the contaminant [13]. Thisis especially
important for juvenile earthworms, as this will reduce the
amount of energy available for maturation and will result in
slower maturation and a delay in cocoon production.

Cocoon production typically increases markedly in the first
weeks of adulthood and has been shown to be sensitive to
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exposure to contaminants. For example, Spurgeon and Hopkin
[13] found cocoon production in newly mature adults (exposed
as juveniles) to be very sensitive to metal exposure. The sen-
sitivity of the earthworms in the Spurgeon and Hopkin study
was attributed to a delayed maturation in the exposed earth-
worms because, by 20 weeks, cocoon production by these
earthworms was similar to earthworms that were exposed as
adults. In our study, juvenile-exposed earthworms produced
fewer cocoons than the control earthworms for all treatments
except at the field application rate of chlorpyrifos. The effect
of the sublethal concentrations of each pesticide on cocoon
production could, in part, be due to the slower maturation rates.
However, the effects of pesticide exposure on cocoon produc-
tion relative to the control appeared to increase with time,
indicating an additional effect of pesticide exposure on cocoon
production. The similarity in responses between adult- and
juvenile-exposed earthworms is further evidence that the pes-
ticides are affecting fecundity directly. Also, cocoon produc-
tion was reduced by the low concentration of diazinon in the
absence of any obvious effect on maturation or growth (growth
had returned to normal by eight weeks). Therefore, we cannot
attribute the fecundity effect of these pesticides to growth,
maturation, or the age of the earthworms.

When comparing the toxicity potency of diazinon and
chlorpyrifos with respect to fecundity, these results indicate
that, at recommended field rates, diazinon is more inherently
toxic to earthworms than chlorpyrifos. This is in agreement
with Potter et al. [28], who found some short-term reductions
in earthworm abundance caused by diazinon during field trials,
while chlorpyrifos has been reported to have no effect on
earthworm abundance [29,30]. The higher toxicity of diazinon
compared with chlorpyrifos is also evidenced by a greater
impact on both cholinesterase activity and NRRT.

In adult earthworms, the effects of both pesticides were
apparent during the four-week exposure period. However,
growth, cocoon production, and cocoon viability showed rapid
recovery once removed from pesticide-contaminated soil. Neu-
hauser [15] showed a similar recovery in E. fetida eight weeks
after termination of exposure to the carbamate pesticide car-
baryl. Cocoon production by adult-exposed earthworms was
affected in the same manner as that in the juvenile experiment,
which suggests similar sensitivity in the two age groups to
pesticide exposure, and adverse effects concentrations were
the same for the four-week exposure period in each age group
(Table 6). However, if cocoon production (after four weeks of
exposure) by juvenile-exposed earthworms was compared di-
rectly to adult-exposed earthworms, then juveniles are clearly
more sensitive to the simulated field rates (low concentrations)
of both pesticides.

When comparing fecundity and growth effects, it is ap-
parent that these pesticides have a much greater impact on
cocoon production and cocoon viability than growth, which is
consistent with previous reports that cocoon production can
be more predictive of long-term effects of exposure to a con-
taminant than growth [31].

As shown previously, the suborganismal biomarker re-
sponses (ChE activity and the NRRA) were more sensitive to
pesticide exposure than growth. In order to ascertain the re-
lationship between biomarker responses and effects on fecun-
dity and to determine their ability to predict long-term impacts,
the concentrations causing adverse effects on the biomarkers
and fecundity were compared. For chlorpyrifos exposure, the
biomarkers ChE activity in juvenilesand NRRA in adultswere

Environ. Toxicol. Chem. 20, 2001 2501
more sensitive than cocoon viability in adults (juveniles not
tested) and cocoon production in each age group. Theincreased
sensitivity of biomarkers compared with growth and fecundity
impacts was not apparent for diazinon exposure due to its
potency on all of the parameters measured at the simulated
field rate.

Despite the lack of differentiation between biomarker re-
sponses and fecundity impacts for diazinon at the low con-
centration, the onset of biomarker changes for both pesticides
is likely to be more rapid than the onset of fecundity impacts,
which generally require aminimum of four weeks of exposure.
For example, ChE activity isinhibited within 24 h by exposure
to pesticides [6] and the NRRA responds far more rapidly than
other physiological responses [32]. In conclusion, impacts of
diazinon and chlorpyrifos exposure on ChE activity and the
NRRA occur at lower concentrations and/or prior to adverse
impacts on growth and fecundity in earthworms, thus indi-
cating that these two biomarkers can provide some early warn-
ing of subsequent toxicity of these organophosphorus insec-
ticides. Growth and cocoon production in juvenile earthworms
appeared to be more sensitive to pesticide exposure than in
adults, confirming that juveniles represent a more sensitive
indicator for predicting long-term impacts on popul ations com-
pared with adult earthworms.

In conclusion, this research has shown that these two bio-
marker assays have potential as biomarkers of organophos-
phorus insecticides and can be linked to ecologically relevant
endpoints such as growth and fecundity. Therefore, they could
be used as early warning indicators of an adverse impact of
pesticides on earthworm populations, i.e., by measuring en-
zyme activities in earthworms from a contaminated area and
comparing these with earthworms from a matched organic
control area. This approach avoids the influence of environ-
mental parameters on the basal enzyme levels, although the
NRRA appears to be insensitive to the effects of the environ-
mental parameters (L. Booth, unpublished data) and ChE ac-
tivity was only affected by temperature [33].
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