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Effect of quantity and quality of
environmental stress on multilocus

heterozygosity—g rowth relationships in
Eisenia fetida (Annelida: Oligochaeta)
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The effects of environmental quantity (moderate soil moisture vs. low soil moisture) and quality
(low soil moisture vs. low temperature) on multilocus heterozygosity (MLH)—growth relationships
were tested in the earthworm Eisenia fetida. The control treatment was high soil moisture and high
temperature. Fresh weight was measured weekly for 4 weeks; MLH was computed for eight
polymorphic loci. Moderate moisture limited growth (change in fresh weight) to 50 per cent of
control growth; both low moisture and low temperature limited growth to 25 per cent of control
growth. MLH was not correlated with growth at any time in the control treatment. MLH was
strongly correlated with growth (P < 0.01) in three out of four weekly intervals in the moderate
moisture treatment; MLH was weakly correlated with growth (P < 0.05) in two out of four weekly
intervals in the low moisture treatment. MLH was not correlated with growth at any time in the low
temperature treatment. Moderate soil moisture produced significantly stronger MLH—growth
relationships than high moisture or low temperature. Even though low soil moisture and low
temperature depressed growth to the same extent, the former produced MLH—growth relationships
whereas the latter did not. Thus both environmental quantity and quality affected the existence and
recurrence of MLH—growth relationships.
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Introduction

Multilocus heterozygosity for allozyme loci (MLH) has
been correlated with growth and fitness characteristics
in numerous species (reviewed by Mitton & Grant,
1984; Zouros & Foltz, 1987). Environmental stress is
thought to promote these relationships (Koehn et at.,
1988), but there is little understanding about the effects
of quantity and quality of stress on them. In this paper,
quantity of environmental stress refers to different
levels of a single variable whose effects differ in magni-
tude and are caused by a common set of metabolic
mechanisms. Quality of environmental stress refers to
comparable levels of different variables whose effects
are similar in magnitude but are caused by different
metabolic mechanisms.

Studies examining the effects of stress on
MLH—fitness relationships fall into three categories. In
some studies (e.g. Samollow & Soulé, 1983; Diehl &
*Correspondence

Koehm, 1985), the case that a stressful environment
caused MLH—fitness relationships has been made a
posteriori. In other studies (e.g. Rodhouse & Gaffney,
1984; Diehl et al., 1986), a single stressful treatment
has been applied a priori to a set of experimental
organisms to amplify MLH—fitness relationships (but
see Houle, 1989). Finally, MLH—fitness relationships
have been compared in organisms subjected to stress-
ml vs. nonstressful conditions of various types. These
latter studies have included comparisons of stressful vs.
nonstressful field conditions (Green et al., 1983; Pecon
Slattery et at., 1991), comparisons of stressful field vs.
nonstressful laboratory conditions (Koehn et a!.,
1988), and comparisons of stressful vs. nonstressful
laboratory conditions (Koehn & Shumway, 1982;
Diehl, 1988; Gentili & Beaumont, 1988; Scott &
Koehn, 1990). Despite great differences in the types of
environmental stress studied, MLH was usually corre-
lated with fitness in stressed organisms but not in non-
stressed organisms.
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Dogma holds that MLH—fitness relationships get
stronger and easier to detect with increasing environ-
mental stress, even though virtually all comparisons
(where more than one treatment was involved) have
used only one stressful and one nonstressful condi-
tion. An exception is the study of Scott & Koehn
(1990) who showed that in the coot clam Mulinia
lateralis, a MLH—growth relationship occurred under
temperature stress or salinity stress but not under both
temperature and salinity stress combined. They con-
cluded that the combined effects of fluctuating salinity
and high temperature somehow negated the advantage
of heterozygosity perhaps by producing a less stressful
environment than either factor alone. This conclusion
derives from the fact that temperature stress places
different demands on the metabolism of an organism
than does salinity stress (Hochachka & Somero, 1984).
An alternative explanation is that the strength of
MLH—fitness relationships does not increase mono-
tonically with stress and that the quality of environ-
mental stress is not important. The use of two or more
environmental factors to produce the most stressful
condition does not allow these possibilities to be
distinguished.

We have attempted to distinguish the effects of
environmental quantity from the effects of environ-
mental quality on MLH—growth relationships in the
earthworm Eisenia fetida. Specifically, we tested the
hypotheses that: (i) MLH—growth relationships would
be stronger and more frequent as the severity of soil
moisture stress increased; and (ii) the existence of
MLH-growth relationships would depend on the
quality of environmental stress. We compared effects of
moderate and low moisture stress and low temperature
stress (designed to be as stressful as the low moisture
stress) on MLH—growth relationships during several
weeks early in the ontogeny of E. fetida.

Materials and methods

Eisenia fetida were collected from a stock population
of earthworms kept in the greenhouse of the Depart-
ment of Biological Sciences at Mississippi State
University (Starkville, MS, U.S.A.). This population has
been maintained since 1987 and contained several
thousand adult earthworms at the time of this experi-
ment. The origin of this population has been described
byDiehl (1988).

Juvenile earthworms (about 2 weeks old) were
assigned haphazardly to one of four treatments differ-
ing in soil moisture and temperature (n =100 earth-
worms per treatment; mean initial weight 0.01 g per
treatment). Earthworms were raised individually in 75
mL plastic cups containing neutral dry peat moss
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(NDPM: 95 per cent dry peat moss; 5 per cent CaCO3).
Treatment 1 (control) consisted of high soil moisture (4
mL H,O/g NDPM) and high temperature (25°C).
Treatment 2 consisted of moderate soil moisture (3 mL
H20/g NDPM) and high temperature (25°C). Treat-
ment 3 consisted of low soil moisture (2 mL H20/g
NDPM) and high temperature (25°C). Treatment 4
consisted of high soil moisture (4 mL H20/g NDPM)
and low temperature (15°C). These treatments differed
in quantity and quality of environmental stress defined
by the extent to which growth was depressed relative to
the control. Pilot experiments established the control
conditions (i.e. those conditions most favourable for
growth) and established that the other treatments
would limit growth according to the patterns shown in
Fig. 1. Although reduced soil moisture levels
depressed growth, these moisture levels were not suffi-
ciently low to have an osmotic effect on the earth-
worms (Diehl & Williams, 1 992b).

At the beginning of the experiment and each week
for 4 weeks, earthworms were rinsed of peat moss,
blotted briefly on a paper towel, and weighed.
Individual growth rates were computed as the change
in fresh weight over either 1 week or 4 weeks depend-
ing on the analysis. Commercially prepared earthworm
food (Carolina Biological Supply) supplemented with a
soy-based baby formula was given ad libitum. Peat
moss was changed and food was provided weekly.
Drying was prevented by covering each container with
aluminum foil. At the end of 4 weeks, all individuals
were frozen at — 80°C until electrophoresis could be
performed. Overall, mortality was about 10 per cent
and occurred mostly during the first week in treatment

Fig. 1 Growth trajectories of Eiseniafetida in treatment 1
(control: 25°C, 4 mL H20/g dry peat moss), treatment 2
(25°C, 3 mL H20/g dry peat moss), treatment 3 (25°C, 2 mL
H20/g dry peat moss), and treatment 4 (15°C, 4 mL H20/g
dry peat moss) for the 4-week experimental period. Data are
reported as means SE. Symbols without error bars have
standard errors that do not exceed the width of the symbol.
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3 (Table 1). Dead individuals were replaced with
juvenile earthworms that were treated as above so that
100 earthworms in each treatment were available for
electrophoresis. The initial weights and genetic compo-
sitions of the replacement earthworms were similar to
those of the original sample. Therefore, replacing dead
earthworms should not have affected the detection of
MLH-growth relationships.

Each earthworm was scored for eight polymorphic
loci by starch-gel electrophoresis. Earthworm homo-
genates were prepared by grinding a portion ( 0.02 g)
of the tail posterior to segment 32 (the postcitellar
region in adults) in 100 pL of buffer containing 0.1 M
Tris/HC1 pH 7, 20 per cent glycerol and 0.1 per cent
j3-mercaptoethanol. For the small worms in treatments
3 and 4, intact worms were homogenized in buffer to
which phenylmethylsulfonyl fluoride (0.1 mM) had
been added to retard the activity of proteolytic
enzymes in the anterior portion of the worm. Homo-
genates were prepared as in Diehl (1988) as modified
by Diehl & Williams (1 992a). Glycerol-3-phosphate
dehydrogenase (Gpd2, EC 1.1.1.8), malate
dehydrogenase (Mdli, EC 1.1.1.37), hexokinase (Hk2,
EC 2.7.1.1), alanyl aminopeptidase (Aap, EC 3.4.1.-),
and mannose-6-phosphate isomerase (Mpi, EC
5.3.1.8) were resolved on the Tris-borate-EDTA, pH
8.7, buffer system of Pasteur et at. (1988).
Hydroxybutyrate dehydrogenase (Hbd, EC 1.1.1.30),
6-phosphogluconate dehydrogenase (Pgd, EC
1.1.1.44), and phosphoglucomutase (Pgni, EC 2.7.5.1)
were resolved on the Tris-maleate, pH 7.4, buffer
system of Selander & Yang (1969). All loci except Aap
and Hbd were stained according to Diehi & Williams

(1 992a). Aap was stained according to Garton et at.
(1984) and Hbd was stained according to Pasteur et at.
(1988).

For each locus, earthworms were scored 0 if homo-
zygous and 1 if heterozygous. MLH was the sum of
these scores for the eight loci. Mean frequency of
common alleles, multilocus heterozygosity (MLH) and
heterozygote deficiency (D (H0 —He)IHe; Selander,
1970) were computed for all earthworms in each treat-
ment. Relationships between weekly growth (change in
fresh weight) and MLH were determined by product-
moment correlation (Sokal & Rohif, 1981) both with
and without the sequential Bonferroni test (Rice, 1989)
to control type I error within each treatment. Where
correlations were significant, relationships were
characterized using the Trend function of HARVARD
GRAPHICS 3•Ø® The differences in strengths of the
growth—MLH curves among treatments were tested by
comparing correlation coefficients using x2 (Zar,
1984). Correlation coefficients were separated using
the z transformation in a Student—Newman—Keuls
(SNK)-type multiple range test according to Zar
(1984). Other statistics are from Sokal & Rohlf (1981)
or Zar (1984). Data are reported as means SE except
where noted.

Results

Only earthworms with complete growth and genetic
data were used in the analyses reported here. Reduc-
tions in sample sizes were most severe in treatments 3
and 4 (Table 1) in which earthworms were small and
difficult to analyse electrophoretically for all loci,

Table I Population genetic characteristics of Eisenia fetida for eachtreatment and
pooled among all individuals and treatments

Treatment

1 2 3 4
Variable 4 mL/g; 25°C 3 mL/g; 25°C 2 mL/g; 25°C 4 mL/g; 15°C Total

(control)

f(a100)

MLH

D

Mortality (%)
n

0.696
(0.047)
2.802

(0.140)
—0.123
(0.055)

0

0.632
(0.057)
3.435

(0.147)
0.002

(0.066)
4

0.685
(0.058)
2.686

(0.157)
—0.249
(0.116)

27

0.717
(0.048)
3.574

(0.210)
0.070

(0.166)
6

0.678
(0.051)
3.087

(0.082)
—0.108
(0.083)

10
86 85 70 47 288

Values are means (SE).
Frequency of common alleles for all loci:f(a'°°); multilocus heterozygosity: MLH;
heterozygote deficiency: D; sample size: n.
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especially Gpd2. Multilocus heterozygosity was signifi-
cantly different among treatments (AN0vA:
F3284 = 7.328; P< 0.00 1). Common allele frequencies
(arcsin-transformed data; F3,28 0.514; NS) and
heterozygote deficiencies (F328 =1.624; NS) were not
significantly different among treatments. The differ-
ences in MLH were most probably caused by sampling
effects rather than by incomplete electrophoretic
resolution. This is supported by the observation that
the heterozygosities of several loci which were each
resolved for at least 95 per cent of all individuals (e.g.
Pgd, Hk2) were also different among treatments. It is
possible that selection associated with differential
mortality caused differences in MLH among treat-
ments, but the lack of concordance between mortality
and MLH (Table 1) does not support this hypothesis.
Finally, sampling effects were also manifested as
apparently strong heterozygote deficiencies in two
treatments (1 and 3) that occurred because of random
deviations from a slight (but not significant) hetero-
zygote deficiency (—0.108 0.08 3) in the whole
population. In short, the data in Table 1 show the
discrepancy in genetic characteristics that can occur
among samples drawn from the same population.

Figure 1 shows the growth trajectories for each
treatment during the 4-week experimental period.
Sizes among the treatments began to diverge after the
first week. By the end of the experiment, the average
growth rate of earthworms in treatment 2 was 50 per
cent of the growth rate of earthworms in the control
treatment. The growth rates of earthworms in treat-
ments 3 and 4 were similar to each other but were only
25 per cent of the growth rate of earthworms in the
control treatment. No earthworm had attained sexual
maturity, identified by the presence of a citellum, by
the end of the 4-week growth period.

Fig. 2 Multilocus heterozygo-
sity—growth relationships for Eisenia
fetida for each week in treatment 1
(control: high moisture, 4 mL/g; high
temperature, 25°C). Significant
MLH—growth correlations (P <0.05)
are indicated by solid lines (with
Bonferroni test) or dashed lines (with-
out Bonferroni test).
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Figures 2—5 show the MLH—growth curves for each
weekly interval in the control, moderate moisture, low
moisture and low temperature treatments, respectively.
No significant MLH—growth rate relationships were
observed for any weekly interval in the control or low
temperature treatments (Figs 2, 5). However, signifi-
cant relationships were observed in three of four inter-
vals in the moderate moisture treatment (Fig. 3) and in
two of four intervals in the low moisture treatment (Fig.
4). These latter two relationships were not significant if
the sequential Bonferroni test was applied. In the
moderate moisture treatment (Fig. 3), the amount of
variation in growth that was explained by MLH
increased progressively with time. No relationship was
detected in the first week, but MLH explained 8 per
cent of the variance in growth in the second week.
MLH explained 15 per cent and 16 per cent of the
variance in growth in the third and fourth weeks,
respectively. Overall, MLH explained an average of 10
per cent of the variation in growth over 4 weeks in this
treatment. In the low moisture treatment, no
MLH—growth relationships were observed in the first
and third weeks (Fig. 4). However, MLH explained 8
per cent and 6 per cent of the variation in growth in the
second and fourth weeks, respectively. Overall, MLH
explained an average of 3 per cent of the variation in
growth in this treatment.

It is possible that the small sample sizes in treat-
ments 3 and 4 affected our ability to detect
MLJI—growth relationships. Sample sizes of 278 and
31 899 would be required in treatments 3 and 4,
respectively, to match the power of the test overall in
treatment 2 (0.985; Zar, 1984) assuming correlation
coefficients were unchanged. However, if the sample of
earthworms in treatment 3 had been similar to that in
treatment 2 (n = 85), MLH—growth relationships
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Fig. 3 Multilocus heterozygo-
sity—growth relationships for Eisenia
fetida for each week in treatment 2
(moderate moisture, 3 mL/g; high
temperature, 25°C). Significant
MLH-growth correlations (P <0.05)
are indicated by solid lines (with
Bonferroni test) or dashed lines (with-
out Bonferroni test).

Fig. 4 Multilocus heterozygo-
sity—growth relationships for Eisenia
fetida for each week in treatment 3 (low
moisture, 2 mL/g; high temperature,
25°C). Significant MLH—growth corre-
lations (P <0.05) are indicated by solid
lines (with Bonferroni test) or dashed
lines (without Bonferronj test).

Fig. 5 Multiocus heterozygo-
sity—growth relationships for Eisenia
fetida for each week in treatment 4
(high moisture, 4 mL/g; low tempera-
ture, 15°C). Significant MLH—growth
correlations (P <0.05) are indicated by
solid lines (with Bonferroni test) or
dashed lines (without Bonferroni test).
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would have been significant in three weekly intervals
and one of these (week 2) would have retained its
significance after the Bonferroni test was applied. Con-
sidering this, results are presented both with and with-
out the sequential Bonferroni test, but results are
discussed on the basis of significance without it.

Differences in strengths of the MLH—growth rela-
tionships were tested by comparing correlation coeffi-
cients of 4-week MLH—growth curves among
treatments (Fig. 6). It was unnecessary to apply a
Bonferrom test since the SNK-type multiple range test
(Zar, 1984) is a simultaneous-inference test that
already controls type I error. The correlation coeffi-
cient of the 4-week MLH—growth relationship in treat-
ment 2 was significantly greater (P <0.05) than those in
treatments 1 and 4. The correlation coefficient in treat-
ment 3 was not significantly different (P> 0.05) from
those in the other treatments.

Discussion

MLH—growth relationships have often been associated
with genetic characteristics of the sample population,
especially beterozygote deficiencies (see Zouros,
1987). The coincidence of MLH—growth relationships
and heterozygote deficiencies in many species has been
taken as evidence that a single mechanism must cause
both phenomena (Gaffney etal., 1990), despite studies
reporting no such associations (Garton et al., 1984;
Diehi, 1988; Hu et al., 1993; Diehi & Biesiot, 1994).In
the present study, a positive MLH—growth relationship
was associated with heterozygote deficiency in only
one treatment (no. 3). However, this deficiency was

25CC, 4mL/g 25'C, 3mL/g 25C 2mL/g 15C 4mL/g
(control)

I

Fig. 6 Correlation coefficients of 4-week MLH-growth
relationships with 95 per cent confidence intervals for each
treatment. Correlation coefficients are significantly different
(P <0.05, see text) if letters above each interval are different.
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probably a sampling artef act because heterozygote
deficiencies were not different among treatments and
the overall deficiency was not different from zero. Also
the treatment showing the strongest MLH—growth
relationship (no. 2) had no heterozygote deficiency and
the only other treatment with any heterozygote
deficiency (no. 1) showed no MLH—growth relation-
ship. In this experiment, there was little concordance
between MLH—growth relationships and heterozygote
deficiencies in any treatment. Although mechanisms
explaining MLH—fitness relationships must be able to
accommodate heterozygote deficiencies in populations
where these phenomena co-occur, heterozygote
deficiencies cannot be used to explain MLH—fitness
relationships generally unless mechanisms for the latter
are species-specific.

Several other random factors may affect one's ability
to detect MLH—growth relationships. These include
sampling effects which have already been shown to
affect genetic properties such as MLH among treat-
ments. MLH—growth relationships might be affected if
loci comprising MLH were sampled differently among
treatments. This is unlikely as there was no more asso-
ciation between MLH-growth relationships and MLH
than there was between the former and heterozygote
deficiency. It is also possible that MLH—growth
relationships may depend on the variation in growth
available for analysis, especially if fewer individuals
occur in a treatment where such variation is low. A
simulation was run on the data from treatment 2, week
4, in which the 20 individuals showing the greatest
growth (upper 24 per cent) and the 20 individuals
showing the least growth (lower 24 per cent) were
removed from the MLH—growth analysis. Variation in
growth was reduced to levels less than that found in the
same week in treatments 3 and 4, and yet there was
little effect on the MLH—growth relationship
(r=0.388, d.f.43, P<0.01). Thus, it would seem
unlikely that factors unrelated to the effects of the
treatments themselves have caused the pattern of
MLH-growth relationships observed.

In Eisenia fetida, loci contributed heterogeneously
to the MLH—growth relationships (Diehi, 1988). Only
loci which contributed positively or neutrally to the
MLH-growth relationship in that study were used in
the present study together with two loci (Hbd, Aap)
that had not been resolved previously. When loci
common to both studies were used to compute MLH,
positive MLH—growth relationships occurred in both
generations of earthworms that were raised under
conditions that included a suboptimal soil moisture.
Thus MLH-growth relationships have been shown
twice in the same population sampled 7 years apart.
This corresponds to about 40 generations between
studies, assuming a 30-day cocoon incubation period
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(Reinecke & Venter, 1987) and a period of 4—6 weeks
to sexual maturity after hatching (Hartenstein et al.,
1979).

MLH—growth relationships occurred for 3 consecu-
tive weeks early in the ontogeny of E. fetida raised in
the moderate moisture treatment. The weekly increase
in coefficients of determination for these relationships
reflected the cumulative effect of MLH—growth
relationships from previous intervals rather than a
strengthening of MLH-growth relationships per se as
ontogeny progressed. This pattern was not observed in
the low soil moisture treatment where significant
MLH-growth relationships occurred in two non-
consecutive intervals. Whether coefficients of deter-
mination would have increased with time as in the
moderate moisture treatment is unknown. Regardless,
E. fetida joins a small set of species (e.g. Mytilus edulis;
Gaffney, 1990) in which MLH—fitness relationships
have been shown repeatedly, both within and among
generations.

Contrary to expectations, the treatment showing the
strongest MLH—growth relationship was the moderate
moisture treatment, not the low moisture treatment.
Similarly, Scott & Koehn (1990) showed that inter-
mediate stresses of either temperature or salinity alone
produced stronger MLH-growth relationships in
Mulinia lateralis than the more severe combination of
temperature and salinity stress. Temperature stress
alone produced a growth rate nearly halfway between
that reported for the control treatment and the
combined-stress treatment and also produced the
strongest MLH—growth relationship. Mitton (1993)
was the first to suggest that moderate stress might be
expected to produce stronger MLH—fitness
relationships than severe stress, although he did not
provide an explanation for this. The explanation of
Scott & Koehn (1990) concerning the negating effects
of two or more adverse environmental conditions is
not pertinent here because only one environmental
variable was manipulated for this comparison. A more
appropriate explanation derives from the energetic
basis on which MLH—fitness relationships are thought
to be founded (Koehn & Bayne, 1989), especially as
low soil moisture is known to have an adverse effecton
the energy metabolism of E. fetida. Low soil moisture
depresses respiration and heart beat rates presumably
by limiting cutaneous diffusion of 02 (Diehl &
Williams, 1992b), and in compensation, accelerates
glycolytic metabolism using glycogen as a fuel
(Williams & Diehl, 1992). MLH—fitness relationships
must arise from a balance between energetic economy
produced by genetic properties of the individual and
energetic cost caused by adverse effects of the environ-
ment. When the environment is benign, individuals

have more than enough energy to meet all their physio-
logical needs and the slight benefits of heterozygosity
are masked. When the environment is too stressful, the
energy available for physiological processes is so limit-
ing that the slight benefits of heterozygosity are mcon-
sequential. However, when the environment is
moderately stressful, the energetic benefits of hetero-
zygosity are maximized relative to the demands on the
organism and produce the strongest MLH—fitness
relationships.

The effect of environmental quality on
MLH—growth relationships is more difficult to deter-
mine because the experimental design was based on the
prediction that the most stressful treatments would
produce the strongest relationships. Low temperature
produced no MLH-growth relationship and low
moisture produced a weak relationship, despite each
treatment depressing growth to the same extent. This
difference is sufficient to admit the possibility of at
least a marginal effect of environmental quality. Never-
theless, one cannot know from this experiment whether
any deviation in temperature from 'optimum' would
ever cause a MLH—growth relationship or whether a
pattern similar to that observed for soil moisture would
be observed if a range of temperatures was tested.

In summary, MLH-growth relationships occur
repeatedly early in the ontogeny of Eisenia fetida and
from generation to generation when earthworms are
tested under appropriate environmental conditions.
MLH—growth relationships depend on environmental
quantity and perhaps on environmental quality.
MLH-growth relationships did not occur in earth-
worms raised in optimal, low stress conditions. The
strongest and most repeatable MLH—growth
relationships occurred in earthworms raised in
moderate soil moisture rather than in low soil moisture
or low temperature.
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