
Heredity 18 ( 1997) 182-189 Received 4 March 1996 

Increase in developmental instability upon 
inbreeding in Daphnia 

HONG-WEN DENG* 
Department of Biology, University of Oregon, Eugene, OR 97403, US.A. 

Lerner's genetic homeostasis theory (1954) hypothesizes that developmental instability (DI) 
will be higher for individuals with lower genomic heterozygosity. Because the usual indices of 
DI may confound genetic effects with random developmental process, most previous tests of 
the hypothesis may have explanational difficulties. I shall present an alternative approach to 
test the genetic homeostasis hypothesis. In this approach, outcrossed and inbred genotypes, 
each having multiple clonal replicates, are assayed side-by-side in one controlled homogeneous 
and benign environment. Phenotypic variation among replicates for each genotype is used as a 
relative index for DI, not confounded by any possible genetic effect. The outcrossed genotypes 
differ from the inbred ones in the average genomic heterozygosity, thus avoiding the ambiguity 
of using heterozygosity at the allozyme level as an index for that at the genomic level. The 
approach may also provide data on the potential effects of genotypic value (G) on DI. The 
results of experiments on two cyclically parthenogenetic Daphnia species (D. pulex and D. 
pulicaria) reveal that (i) for all characters analysed, DI increases upon inbreeding and (ii) there 
is no significant relationship between G and DI. The increase in DI upon inbreeding is thus 
attributable only to a reduction in heterozygosity (per se or an enhanced expression of deleteri
ous recessive alleles). Therefore, the present study is consistent with Lerner's genetic homeo
stasis hypothesis. 

Keywords: cyclical parthenogenesis, Daphnia, developmental instability, genetic homeostasis, 
inbreeding. 

Introduction 

Genetic homeostasis is an old, but still very contro
versial, topic in evolution and genetics (Lerner, 
1954; Wright, 1977; Falconer, 1981; Markow, 1993). 
It has many implications in biology, from an organ
ism's development (Waddington, 1957), to individual 
adaptations to fluctuating environmental conditions 
(Lewontin, 1956, 1957) to populations' evolutionary 
response to selection (Deng & Kibota, 1995) and, 
most interestingly, to a central question in evolu
t;onary genetics, i.e. the preservation of genetic vari
ability (Lerner, 1954; Lewontin, 1964; Gillespie & 
Turelli, 1989; Zhivotovsky & Feldman, 1992). 

Lerner (1954) defined genetic homeostasis as a 
negative correlation between developmental instabil
ity (DI) and overall genomic heterozygosity. He 
believed that one reason for the high fitness of 
heterozygotes is their increased capacity to buffer 
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environmental perturbations. This buffering may be 
envisaged from a biochemical-genetic point of view: 
when different allelic products have different optima 
along a range of environmental conditions, hetero
zygotes will have the most stable phenotype. Notable 
biochemical examples include sickle-cell haemoglo
bin in humans (Futuyma, 1986, Ch. 6) and alcohol 
dehydrogenase in maize (Schwartz & Laughner, 
1969). 

The main prediction of the genetic homeostasis 
hypothesis is that DI will be higher for individuals 
with lower genomic heterozygosity (Lerner, 1954), 
which has been tested by many experiments with the 
following three main approaches. 

The first has been to use two presumably 
completely inbred parental lines (P) and their first 
generation hybrid (F1) . Each F1 individual will be 
heterozygous at those loci fixed for different alleles 
in the two P lines. Within each of the three groups 
(two P groups and F 1), all individuals are presumed 
to be genetically identical. The observed phenotypic 
variance of each group is thus taken to be the 
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environmental variance (Ve), an index for DI for 
that group. Data from such experiments ( e.g. 
Robertson & Reeve, 1952; Dobzhansky & Levene, 
1955; Chai, 1957; Leamy & Thorpe, 1984) reveal 
that Ve is almost always lower in the F 1 than the 
average of the two P lines (but see Lewontin, 1957 
and Angus & Schultz, 1983). 

The second approach has been to compare the 
observed levels of phenotypic variation within 
natural populations with high vs. low heterozygosity 
for allozyme loci. Most data of this type provide 
support for the hypothesis (e.g. Eanes, 1978; Zouros 
et al., 1980; Livshits & Kobyliansky, 1984), whereas 
some do not (e.g. Handford, 1980; King, 1984). 

The third approach has been to study fluctuating 
asymmetry (FA) among groups of different genomic 
heterozygosity (reviewed in Palmer & Strobeck, 
1986; Mitton, 1993). Data from this approach gener
ally reveal increased FA with increasing homozygos
ity, despite some exceptions ( e.g. Zakharov, 1981; 
Livshits & Smouse, 1993; Woolf, 1993). 

Several sources of bias may lead to interpreta
tional difficulties in all three approaches. In most 
studies with the first approach, the P lines were 
probably not completely homozygous. Thus, the 
observed phenotypic variance within each group 
must have contained a genetic component. With 
dominance and a reasonable range of gene frequen
cies in the two P lines, the genetic variance in the F 1 

can be considerably lower than the average of those 
in the two P lines (Lynch & Walsh, 1996). In the 
second approach, in most analyses, the homozygous 
groups may contain individuals homozygous for 
different alleles. For a diallelic locus with alleles A 

and a, in the extreme case, the homozygous group 
would comprise all AA and aa genotypes, whereas 
the heterozygous group would only consist of Aa 
genotypes. The homozygous groups are thus more 
genetically variable, which would probably result in a 
higher phenotypic variance. For a multilocus system 
(Chakraborty & Ryman, 1983; Allendorf & Leary, 
1986), additive genetic variation may be sufficient to 
explain the phenotypic variation patterns among 
groups with different degrees of allozyme heterozy
gosity. Therefore, the observed difference of Ve (in 
the first approach) or phenotypic variance (in the 
second approach) could have been substantially 
influenced by genetic variance, in which case no 
special argument regarding the genetic homeostasis 
hypothesis is required. Furthermore, the second 
approach is based on the assumption that the level 
of heterozygosity revealed at a few allozyme loci 
strongly correlates with that of the whole genomic 
level, which itself is questionable from theory 
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(Mitton & Pierce, 1980; Chakraborty, 1981, 1987) 
and from the few data available (M. Lynch and K. 
Spitze, unpublished data). 

The first approach was also criticized on different 
grounds by Waddington (1957) and Lande (1980), 
who pointed out the potential effects of genotypic 
value (G) on DI. They postulated, from a purely 
theoretical point of view, that there is a positive 
quadratic relationship between DI and G, so that 
individuals with extreme G-values will have higher 
DI than those with intermediate G-values. Although 
no experiment has ever addressed this hypothesis 
explicitly, studies of phenotypic canalization 
(Waddington, 1957) and data from Soule & Cuzin
Roudy (1982) suggest such a possibility. 

In the third approach to FA studies, the essential 
assumption that the two sides of a bilaterally 
symmetrical organism are under the control of the 
same set of genes has never been established by 
empirical evidence; neither has the assumption that 
the two sides always experience identical environ
ments. Additionally, FA may not always be totally 
environmentally induced in all studies; it may have 
an underlying genetic component in some cases 
(Chippindale & Palmer, 1993; Palmer et al., 1993). 
Furthermore, studies by Livshits & Smouse (1993) 
do not support the view that FA is a good measure 
of DI of the whole organism. Although data from 
other lines of evidence are available, they either do 
not provide unequivocal results (e.g. Knowles & 

Mitton, 1980; Ledig et al., 1983; Strauss, 1987) or 
are subject to the criticisms of Lande (1980) and/or 
Lynch & Walsh (1996). 

Here, I shall present experiments of an alternative 
approach, in which the relative index for DI is 
clearly separated from any possible genetic compo
nent of variance, and the potential effects of G on 
DI can be checked. The questions to be addressed 
are as follows. (i) Do selfed individuals tend to have 
higher DI than outbred individuals? (ii) Is there any 
relationship (linear or quadratic) between G and 
DI? 

Materials and methods 

The approach takes advantage of the special 
features of life cycles of cyclical parthenogens, which 
can clone their genotypes through ameiotic repro
duction, and whose selfed offspring are relatively 
easily obtainable. Freshwater cladoceran species of 
Daphnia are such organisms. In their natural habi
tats, cyclically parthenogenetic Daphnia populations 
are generally outbred (Hebert, 1987). Individuals 
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reproduce ameiotically (Hebert & Crease, 1980) in 
nature and in the laboratory in favourable environ
mental conditions. Mitotic recombination is very 
rare or absent (Hebert, 1987). Genotypes can there
fore be replicated faithfully (barring mutation) and 
represented multiple times within and among experi
ments. Selfed progeny can be obtained relatively 
easily in the laboratory by inducing sexual reproduc
tion within parental clonal cultures and hatching 
sexually produced eggs (Innes, 1989; De Meester, 
1993; Lynch & Deng, 1994; Deng 1995, 1996a,b; 
Deng & Lynch, 1996). 

The Daphnia species used in the following experi
ments are D. pulex ( or a close congener, M. Lynch, 
unpublished data) and D. pulicaria, collected, 
respectively, from Amazon Park in Eugene and 
Dorena Reservoir in Cottage Grove, both in 
Oregon, U.S.A. Females sampled from the field 
were isolated into individual beakers containing 
about 200 mL of water from the populations' source 
pond or reservoir, and they were fed with the green 
alga Scenedesmus. The species identity was deter
mined by morphological (Brooks, 1957; Brandlova et 
al., 1972) and biochemical (Hebert et al., 1988, 1989; 
Lynch et al., 1989) criteria. Electrophoretic studies 
confirmed that both populations reproduce by cycli
cal parthenogenesis and are outbred (Lynch & 
Deng, 1994; Deng & Lynch, 1996). For each popula
tion, more than 300 clones isolated from their 
natural habitats were used as parental clones. The 
selfed clones were obtained by procedures described 
in Lynch & Deng (1994). Briefly, over a period of a 
few months, the isolated females reproduced asex
ually, forming cohorts of genetically identical indi
viduals. During this period, most clones also 
reproduced sexually, i.e. males were produced 
ameiotically, and some asexual females switched to 
sexual reproduction by producing sexual eggs meiot
ically. As males and females in each beaker are 
genetically identical, mating among them is geneti
cally equivalent to selfing. The resultant sexually 
produced eggs are in a diapausing form (ephippia) 
and hatched by taking them through light/warm and 
dark/cold cycles (Lynch & Deng, 1994; Deng & 
Lynch, 1996). The hatched selfed individuals were 
then expanded clonally. The overall genomic hetero
zygosity of selfed clones is about half that of their 
parental clones (Crow & Kimura, 1970). 

To address the question relating genomic hetero
zygosity to DI, I performed inbreeding life table 
experiments with the Amazon and Dorena popula
tions. Within each population, 30 random out
crossed clones and 30 random selfed clones ( each 
from one of 30 random outcrossed parental clones 

different from those used in the experiment) were 
assayed simultaneously using the standard life table 
experimental design (Lynch, 1985; Lynch et al., 1989; 
Lynch & Deng, 1994). Briefly, in the experiments, 
each clone was represented by three replicate lines, 
with each line started with an immature female from 
its clonal culture. Before measuring any life history 
traits, all the replicate lines were acclimatized to the 
standard experimental conditions (see below) for 
two asexual generations. Starting from the third 
generation, newborn individuals were measured 
daily (Amazon population) or every other day 
(Dorena population) from birth to the second 
(Amazon population) or the third (Dorena popula
tion) adult instar to obtain data for different life 
history traits, such as instar-specific body size, age at 
release of first clutch, growth rates. 

The standard experimental conditions were as 
follows. All clonal lines were maintained in 100 mL 
of water (aged for at least 1 month and filtered 
before use) from the populations' source pond or 
reservoir, with approximately 300 000 cells of the 
green alga Scenedesmus per mL. For the Amazon 
population, the experiment was conducted at 20°C 
(a typical daytime temperature during the growing 
season in the population's source habitat - a 
seasonal pond), 12 h:12 h light-dark photoperiod 
(typical during this population's growing season) and 
the culture water was replenished every day. For the 
Dorena population, the experiment was conducted 
at 10°C ( a typical temperature during the growing 
season in the population's source habitat - a 
permanent lake), 16 h:8 h light-dark photoperiod 
(typical during this population's growing season) and 
the culture water was changed every other day 
(owing to the slow development of Daphnia at this 
temperature). The experimental conditions used are 
considered as optimal (high food, low density and 
constant temperature and photoperiod of the 
growing season) for Daphnia from the two distinct 
habitats (Lynch, 1989; Spitze et al., 1991). 

In this approach, inbred and outbred clones are 
acclimatized and assayed side-by-side in one uniform 
environment, so that any change in genetic and 
developmental parameters between outcrossed 
parental and selfed progeny generations cannot be 
attributed to any temporal environmental change. 
Each clone is represented multiple times. For the 
phenotype of replicate lines of a genotype ( a clone), 
the mean is an unbiased estimator for the genotypic 
value ( G), whereas the within-clone variance (Ve) is 
an ideal relative index for DI, not confounded by 
any genetic effect. Note that Ve is totally micro
environmental (including measurement error) and 
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developmental in nature. Because the replicate lines 
of the outbred and inbred clones are distributed 
randomly in the highly controlled 'homogeneous' 
environment, the microenvironmental component of 
Ve should not differ in the outbred and inbred 
groups, and thus will not bias Ve as an ideal indica
tor for comparing DI between the two groups, i.e. 
the difference in Ve in the inbred and outbred 
groups should result solely from developmental 
noise, nothing else. Thus, the higher the Ve, the less 
stable is the developmental process. 

To address the question of the relationship 
between G and DI as indexed by Ve, the following 
life table experiment was conducted on a large scale. 
Using the same experimental design, 181 clones 
from the outbred parental generation of the Dorena 
population were assayed. The controlled experi
mental conditions were the same as the Dorena 
inbreeding life table experiment. For each character 
of each clone, a pair of G and Ve is available, provid
ing data to test Waddington's (1957) and Lande's 
(1980) proposition. 

Data analyses and results 

For each character of each clone, an unbiased esti
mate of Ve was calculated by the standard formula 
for estimating sample variance when sample size n is 
small: 

n x (z 2-i 2
) 

V.=----
e n-1 

where z 2 is the mean of squares of the trait 
measurement and 22 is the square of the mean of 
the trait measurement. 

The empirical distribution of Ve for all the traits 
analysed within the inbred and outbred groups 
showed significant departure from normality, as indi
cated by the Kolomogorov statistic in the UNIVARI

ATE procedure (SAS Institute, 1985, Ch. 54). Thus, a 
nonparametric statistical method, the Wilcoxon rank 
sum test, was used to test the homogeneity of Ve in 
the selfed and outbred groups. The only require
ment of this test is that the samples from the two 
groups to be compared are random, which is fully 
met here. The null hypothesis to be tested is that the 
mean Ve for each character in the selfed group 
(Ve (in)) is equal to that in the outbred group 
(Ve (ou)). The analysis was conducted using the 
NPARlWAY procedure (SAS Institute, 1990). 

To measure the relative change in DI as reflected 
by Ve, an index, RDI, is constructed. RDI is the 
difference in the mean V. values between the inbred 
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and the outbred groups divided by the latter, i.e. 

Ve(in)-Ve(ou) 
RDI=----. 

Ve(ou) 

Upon inbreeding, if RDI = 0, then DI does not 
change. If RDI > 0, DI increases; otherwise, DI 
decreases. 

The RDI of four life history traits and the assoc
iated probabilities from the Wilcoxon rank sum test 
for the null hypothesis (Ve (in) = Ve ( ou)) for both 
populations are summarized in Table 1. In the indi
vidual tests for each character at the 5 per cent 
level, for two out of four and three out of four traits 
in the Amazon and Dorena populations, respec
tively, Ve is significantly higher in the selfed than in 
the outbred group. RDI is as high as 3.60 in the 
Amazon population and 3.49 in the Dorena popula
tion. Even after applying the conservative sequential 
Bonferroni procedure (Holm, 1979; Rice, 1989) for 
the number of tests conducted within each species, 
the results remain significant for the length at 
maturity in the Amazon D. pulex population and for 
the length at birth for the first clutch newborns in 
the Dorena D. pulicaria population. The results are, 
therefore, strongly consistent with the prediction of 
Lerner's genetic homeostasis hypothesis. 

Using data from 181 outbred clones from the 
Dorena population, for each of the four traits I 
performed quadratic regression analysis, using Ve as 
a dependent variable and G as an independent vari
able. Significance of the coefficients was judged by 
whether the observed value of an estimate exceeded 
the two associated standard errors; none of them 
(linear or quadratic) did so (Table 2). Furthermore, 
all the r2 values were less than 6 per cent, which 
indicated that in none of the four traits can more 
than 6 per cent of the variability of v. be explained 
by that of G in the quadratic regression model. 
Hence, there is no support for the proposition that 
the change in v. may have been caused by a shift of 
G upon inbreeding, although significant inbreeding 
depression has been detected for most traits 
analysed (Table 3; Deng, 1995). 

Discussion 

The approach presented here avoids the potential 
problems mentioned in the Introduction, providing 
an unambiguous index for comparing DI. Addition
ally, the potential effects of G on DI can be 
checked. The results demonstrated higher DI in the 
selfed than in the outbred group in two Daphnia 
species from two distinct habitats. No significant 
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Table 1 Summary of the RD Is and their associated Wilcoxon rank sum test 
probabilities (P) for different life history traits in the Amazon Daphnia pulex 
population and the Dorena D. pulicaria population 

RDI (P) 

Character 

Length of maturity 
Length at birth for the first clutch 
First adult instar duration 
Immature growth rate 

Amazon 
(D. pulex) 

0.54* (0.01) 
0.94 (0.41) 
1.00 (0.34) 
3.60* (0.04) 

Dorena 
(D. pulicaria) 

0.08 (0.55) 
3.49* (0.01) 
3.29* (0.05) 
1.35* (0.04) 

*Ve(in)-Ve(ou) is significant at the 5% level in the individual test. 

Table 2 Summary of the coefficients of the linear and quadratic terms, their 
associated standard errors and the r 2 in the quadratic regression model 

Character LC (SE) QC (SE) r2 

Length of maturity -0.047 (0.173) 0.012 (0.054) 0.007 
Length at birth for the first clutch -0.092 (0.065) 0.067 (0.049) 0.022 
First adult instar duration 1.281 (1.264) -0.115 (0.100) 0.052 
Immature growth rate -0.015 (0.011) -1.438 (1.306) 0.025 

Data are from 181 Dorena Daphnia pulicaria clones. 
LC and QC are, respectively, linear and quadratic term coefficients in the 
quadratic regression; SE, one standard error; r2, proportion of the variation of 
DI explained by the variation of G in the regression model. 

Table 3 Means (M) and standard errors (SE) for the traits analysed in the 
selfed (in) and outcrossed (ou) groups 

Character 

Amazon Daphnia pulex 
Length at maturity 
Length at birth for the first clutch* 
First adult instar duration* 
Immature growth rate* 

Dorena Daphnia pulicaria 
Length at maturity* 
Length at birth for the first clutch* 
First adult instar duration 
Immature growth rate* 

M (in) (SE) 

1.25 (0.07) 
0.53 (0.01) 
4.02 (0.11) 
0.101 (0.006) 

1.50 (0.03) 
0.62 (0.01) 
6.60 (0.20) 
0.062 (0.002) 

M (ou) (SE) 

1.33 (0.04) 
0.56 (0.01) 
3.55 (0.09) 
0.119 (0.004) 

1.59 (0.02) 
0.65 (0.01) 
6.17 (0.17) 
0.068 (0.001) 

*Traits for which genotypic means change significantly upon selfing. 

relationship between Ve and G was detected. Conse
quently, the results are consistent with the concept 
of Lerner's genetic homeostasis and lend support to 
theoretical models (Lewontin, 1964; Gillespie & 
Turelli, 1989; Zhivotovsky & Feldman, 1992) for 
invoking genetic homeostasis as a basic assumption. 

The results here are concordant with Innes' 
(1989) work in D. obtusa, in which he found strong 
inbreeding depression for almost every life history 
trait measured, as well as an increased within-clone 
variation of selfed clones compared with outbred 
clones. The results are also consistent with, and may 
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provide partial explanations for, the observation 
that, in natural Daphnia populations surveyed 
electrophoretically, there is generally an excess of 
heterozygosity (Hebert et al., 1982 and references 
within). Mitton & Grant (1984), Allendorf & Leary 
(1986) and Zouros & Foltz (1987) reviewed previous 
empirical evidence for an association between 
heterozygosity at the allozyme level and fitness
related traits. They concluded that generally, despite 
some exceptions, there is a positive relationship. If 
heterozygosity revealed at the allozyme loci level 
does correlate closely with that of quantitative trait 
(fitness) loci, then genetic homeostasis may well 
contribute to the conservation of genetic variability. 

Recently, Gavrilets & Hastings (1994) proposed a 
quantitative genetics model for analysing DI. They 
reached essentially the same conclusion as Lerner 
(1954), that is that there is a negative association 
between DI and genomic heterozygosity. Their 
conclusion does not depend on the assumption 
about the effects of heterozygosity per se as Lerner's 
(1954) did. It is just an outcome of their assumption 
that DI has an additive genetic basis with a mean 
zero in the population. The present index of DI (V.) 
is totally microenvironmentally or developmentally 
determined, as stated before; therefore, it is very 
unlikely that the observed results of the inflated DI 
(Ve) in the selfed group are caused by V. having an 
additive genetic basis. 

Using D. magna, Yampolsky & Scheiner (1994) 
also tried to test the main prediction of Lerner's 
(1954) genomic homeostasis hypothesis: DI decrea
ses with increasing genomic heterozygosity. They 
compared DI of clones grouped according to the 
allozyme heterozygosity at only three to five poly
morphic loci. However, Mitton & Pierce (1980) and 
Chakraborty (1981, 1987) have already shown from 
theory that heterozygosity at a few allozyme loci 
( even a dozen) does not provide an accurate indica
tor of an individual's genomic heterozygosity. Addi
tionally, experimental data in Daphnia (M. Lynch 
and K. Spitze, unpublished observations) failed to 
reveal any relationship of heterozygosity at about 10 
allozyme loci with that of the whole genome. 
However, by inbreeding, as in the present approach, 
the different level of genomic heterozygosity in the 
inbred and the outcrossed groups can be 
ascertained. 

Although the present approach can test the main 
prediction of the genomic homeostasis hypothesis 
without any ambiguity, it may not (neither can all 
the previous experiments) distinguish whether an 
increase in DI (if any) results from a decrease in 
heterozygosity per se or from an enhanced expres-
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sion of deleterious recessive alleles upon inbreeding 
(Markow, 1993). To distinguish these two potential 
genetic causes of the change in v., new experiments 
are needed. An experiment that may accomplish 
such a task may be as follows: obtain a large number 
of genotypes resulting from selfing an outcrossed 
clone for several generations. Then, compare v. of 
the developmentally most stable offspring clone with 
that of the outcrossed source clone. If an increase in 
v. upon inbreeding is only caused by decreasing 
heterozygosity per se, then it is impossible to obtain 
an offspring clone with about the same developmen
tal stability as the outcrossed source clone, as 
genomic heterozygosity is decreased upon several 
generations of selfing. If an increase in v. upon 
inbreeding results only from an enhanced expression 
of deleterious recessive alleles, then it is possible to 
obtain an offspring clone with about the same devel
opmental stability as ( or even higher than) the 
outcrossed source clone, as it is possible to obtain an 
offspring clone that has lower or about the same 
level of expression of deleterious recessive alleles as 
the outcrossed source clone. This kind of experiment 
is similar in spirit to those trying to distinguish 
dominance and overdominance as the genetic cause 
of inbreeding depression (Lynch & Walsh, 1996). 
Experiments of this type are going to be time- and 
labour-consuming, but should be feasible in cyclical 
parthenogens, such as Daphnia, as a large number of 
genotypes can be obtained from selfing an 
outcrossed clone for several generations. 

To apply the present approach to test the validity 
and generality of the main prediction of genomic 
homeostasis, cyclical parthenogenesis is not essen
tial, as long as the organisms can be propagated 
clonally. Therefore, for plants that can be propa
gated vegetatively, the same approach can be 
employed. 
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