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The Functional Genomics of  
Inbreeding Depression: A New  
Approach to an Old Problem

Ken n. Paige

The fitness consequences of inbreeding have attracted the attention of biologists since the time its harmful effects were first recognized by Charles 
Darwin. Although inbreeding depression has been a central theme in biological research for over a century, little is known about its underlying 
molecular basis. With the generation of vast amounts of DNA sequence information and the advent of microarrays we are now able to describe 
biological processes from a total genomic perspective. This article reviews the ways in which microarrays have advanced our understanding of the 
molecular basis of inbreeding depression, including our first look at the number of genes associated with inbreeding depression, which genes or 
functional classes of genes are responsible for the decrease in fitness associated with inbreeding, the underlying cause of inbreeding depression—
overdominance or partially recessive deleterious alleles—and environmental influences on gene-expression patterns.
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excess prevalence of cousin marriages resulted in abnormal 
traits such as albinism or alkaptonuria (a blackening of the 
urine caused by a mutation in the enzyme homogentisate 
1,2-dioxygenase, which also leads to cartilage and heart 
valve damage and the formation of kidney stones; Wright 
1977). Of course, Darwin (1876) supplied ample evidence 
for inbreeding depression from extensive plant breeding 
experiments. These involved no fewer than 57 species of 
plants from 52 genera and 30 families. Inbred plants were on 
average shorter, flowered later, weighed less, and produced 
fewer seeds than those that were outcrossed. The effects of 
inbreeding were substantial, showing a 41% reduction in 
seed production and a 13% decline in height (Darwin 1876, 
Frankham et al. 2002). 

Since Darwin’s time, inbreeding depression has been 
documented in essentially all well-studied populations 
of outbreeding plants and animals. Despite overwhelm-
ing evidence from laboratory and domestic species, there 
was considerable skepticism regarding the occurrence of 
inbreeding depression in the wild (see Frankham 1995 
for a discussion). Crnokrak and Roff (1999), however, 
provided irrefutable evidence that inbreeding depression 
commonly occurs in the wild. They reviewed 34 papers 
investigating inbreeding depression in the wild for 34 
taxa from 157 data sets and showed that in 141 cases 
(90%) inbred individuals fared worse than their outbred 
counterparts. 

Inbreeding is defined as the mating of individuals related  
by ancestry. In normally outbreeding species, inbreeding 

results in a decline in fitness (survival and reproduction), 
termed inbreeding depression (Darwin 1876). Beliefs concern-
ing the detrimental effects of inbreeding far antedate scientific 
observation (Wright 1977). Incest, for example, has long been 
forbidden in many cultures, with the belief that it leads to the 
abnormal development of children (Zirkle 1952, Wright 1977). 
In a letter to Lubbock in 1870, Charles Darwin wrote: 

In England and many parts of Europe the mar-
riages of cousins are objected to from their 
supposed injurious consequences: but this be-
lief rests on no direct evidence. It is therefore 
manifestly desirable that the belief should be 
either proved false, or should be confirmed, so 
that in this latter case the marriages of cousins 
might be discouraged…. It is, moreover, much 
to be wished that the truth of the often repeated 
assertion that consanguineous marriages lead to 
deafness and dumbness, blindness, &c, should 
be ascertained: and all such assertions could be 
easily tested by the returns from a single census. 
(cited in Hedrick and Kalinowski 2000, p. 139) 

Garrod (1902, 1908) was the first to present compelling evi-
dence for inbreeding depression in humans, showing that an 
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The importance of inbreeding depression
Inbreeding depression is important in many aspects of evolu-
tionary biology, agriculture, animal husbandry, conservation, 
and human health (Meghji et al. 1984, Charlesworth and 
Charlesworth 1987, Abplanalp 1990, Bittles et al. 1991, Lacy 
1997, Rudan and Campbell 2004, Rojas et al. 2009). Inbreed-
ing depression, for example, strongly affects the evolution of 
plant mating systems, selecting against self-fertilization and 
biparental inbreeding (Darwin 1876, Lande and Schemske 
1985, Keller and Waller 2002). Inbreeding is an extremely 
important issue for agricultural systems, as it not only has 
direct and dire consequences in terms of decreasing yields 
but also can enhance susceptibility to a suite of pathogens 
and pests (Burdon and Marshall 1981, Chahal and Gosal 
2002). From a conservation perspective, one of the primary 
goals is to maintain sufficient genetic variation that popula-
tions are able to respond evolutionarily (adapt) to changing 
environmental conditions (Franklin 1980). As populations 
become smaller and increasingly isolated as a result of the 
direct and indirect effects of human activities (including 
the loss and degradation of habitat, the introduction of 
alien species, pollution, and the overexploitation of species), 
they tend to lose genetic variability due to genetic drift. In 
particular, random sampling of successively smaller subsets 
from generation to generation can mimic the effects of non-
random mating, increasing the inbreeding coefficient, which 
can in turn manifest itself as a loss in individual fitness (He-
schel and Paige 1995). Inbreeding is also common in some 
human populations and can lead to serious health issues. For 
example, among Saudi Arabian provinces, 52% to 68% of 
all unions are consanguineous (i.e., members have a recent 
common ancestor), with first-cousin marriages being the 
most frequent. The major harmful effects of inbreeding are 
a higher frequency of autosomal recessive diseases and an 
increased frequency of morbidity and mortality (El-Hazmi 
et al. 1995, Rudan and Campbell 2004). 

Genetic basis of inbreeding depression
Following the rediscovery of Mendelian genetics, two main 
hypotheses were formulated to account for the existence of 
inbreeding depression and heterosis (gain in fitness follow-
ing outbreeding; reviewed in Wright 1977, Charlesworth and 
Charlesworth 1999). The overdominance hypothesis (East 
1908) argues that heterozygosity confers properties that are 
superior to either homozygote. The loss of heterozygosity 
through inbreeding will thus decrease the mean value of 
traits associated with fitness and lead to inbreeding depres-
sion (Lynch and Walsh 1998). The (partial) dominance 
hypothesis (Davenport 1908), on the other hand, argues 
that most mutations are neutral or deleterious and gener-
ally recessive (MacKay 2001). Increasing the proportion of 
homozygotes through inbreeding will raise the probability 
of unmasking these deleterious alleles (Charlesworth and 
Charlesworth 1999), leading to inbreeding depression (Keller 
and Waller 2002). Which of the two hypotheses explains 
most of the decline in fitness associated with inbreeding is 

still being debated (Ritland 1996, Kärkkäinen et al. 1999, 
Roff 2002). Although evidence exists to support both models 
(Hughes 1995, Li ZK et al. 2001, Carr and Dudash 2003), 
the dominance hypothesis appears to be favored on the 
basis of available empirical data and on theoretical grounds 
(Charlesworth and Charlesworth 1999). Others have sug-
gested that inbreeding depression may also be explained, at 
least in part, by synergistic or epistatic interactions among 
genes (Templeton and Read 1994, Charlesworth 1998).

Molecular approaches to inbreeding depression
Although inbreeding depression has been a central theme in 
biological research for more than a century, little is known 
about its underlying molecular basis. For example, we have 
no idea how many loci may be involved in causing inbreed-
ing depression of fitness and its components. The number 
may well be tens, hundreds, or even thousands (Frankham 
et al. 2002). The genes or gene pathways associated with 
inbreeding depression are also unknown. Furthermore, the 
underlying cause of inbreeding depression, overdominance 
or partially recessive deleterious alleles, is still debated. 

For several decades, molecular genetic approaches to 
inbreeding depression have relied predominantly on the use 
of neutral markers (i.e., those that are nonfunctional or those 
that are not under selection, such as RFLPs [restriction frag-
ment length polymorphisms] or microsatellite markers) for 
assessing levels of genetic variation (heterozygosity). Using 
RFLPs, one can detect genetic variation among individuals 
by cutting each individual’s DNA with a specific restriction 
enzyme, subjecting those DNAs to electrophoresis in agarose 
gels, and transferring them to charged nylon membranes by 
use of Southern blots. Nylon membranes are then hybrid-
ized to radioactively or biotin-labeled clones (i.e., specific 
pieces of DNA). Useful clones will be those showing poly-
morphism (i.e., variation in the size of the restriction frag-
ment) between two or more individuals. Microsatellites are 
di-, tri-, and tetranucleotide repeats found throughout the 
genomes of most organisms, varying in size from 10 to 100 
repeats, and are present roughly every 1000 base pairs. Once 
identified, microsatellites are amplified using the polymerase 
chain reaction and sized using gel electrophoresis or an 
automated sequencer. Microsatellites owe their variability to 
an increased rate of mutation compared with other neutral 
regions of the DNA. High rates of mutation can be explained 
predominantly by slippage during DNA replication. Each 
of these techniques allows the detection of homozygous 
and heterozygous loci for each DNA sample. For example, 
from a conservation perspective, populations of varying size 
could be compared for levels of genetic variability. Small 
populations with low levels of variation very likely have the 
highest risk of inbreeding depression and have a high risk of 
experiencing continuing losses of genetic variation resulting 
from perennial bottlenecks and genetic drift (Wayne and 
Morin 2004). 

More recently, neutral markers have been used for map-
ping quantitative trait loci (QTL, or stretches of DNA that are 

This content downloaded from 130.126.52.115 on Mon, 03 Aug 2015 15:55:53 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


21st Century Directions in Biology

www.biosciencemag.org  April 2010 / Vol. 60 No. 4  •  BioScience   269   

21st Century Directions in Biology

closely linked to the genes that underlie the trait in question) 
in an effort to understand the molecular basis of inbreeding 
depression (Carr and Dudash 2003). However, quantitative 
genetic approaches fall short; they alone have not been use-
ful for directly identifying genes contributing to variation 
in inbreeding depression, assessing allelic effects, estimating 
the number of loci involved, or determining whether some 
loci within the genome exhibit strong overdominance. 

With the generation of vast amounts of DNA sequence 
information and the advent of complementary DNA (cDNA) 
microarrays (Schena et al. 1995), we can now describe bio-
logical processes from a total genetic perspective (White et al. 
1999). Microarrays allow the examination of the expression 
of all genes within the genome at once, permitting analysis 
of an organism’s response to any biological phenomenon of 
interest. Experimental comparisons enable one to not only 
better assess the behavior of genes previously implicated 
in a given process but also to assist in the discovery and 
identification of genes and gene pathways associated with 
particular biological phenomena (Harmer and Kay 2000). In 
the case of inbreeding depression, changes in the multigene 
patterns of expression can provide clues about the number 
of genes involved, their modes of action, and the biochemi-
cal pathways leading to such effects. This newly founded 
study of gene-expression patterns is commonly referred to 
as “functional genomics” (Amundson 2008). Functional 
genomics can be defined as a field of molecular biology that 
makes use of the vast wealth of data produced by genome 
sequencing projects to facilitate our understanding of gene 
function and gene interaction. In this review, I specifically 
address the following issues using microarrays: How many 
genes are associated with inbreeding depression? Which 
genes or functional classes of genes are responsible for the 
decrease in fitness associated with inbreeding? What is the 
underlying cause of inbreeding depression, overdominance 
or partially recessive deleterious alleles? How does environ-
ment influence gene expression associated with inbreeding 
and inbreeding depression?

Microarrays and gene expression
Microarray methods are an extension of standard nucleic-
acid hybridization procedures (Northern and Southern 
blots) that enable the simultaneous monitoring of messenger 
RNA (mRNA) levels for thousands of genes among differing 
samples. The two most common technologies are cDNA mi-
croarrays and oligonucleotide expression arrays. The ratio-
nale behind microarray technology is to hybridize a sample 
of mRNA (that has been extracted, reverse transcribed to 
cDNA, and fluorescently labeled) to a set of gridded DNAs 
on a solid support (glass slide or a nylon membrane). The 
DNAs normally used are short cDNA sequences of expressed 
genes (called expressed sequence tags, or ESTs), or short (25-
mer, Affymetrix chips) or long (70-mer) oligonucleotides 
representing distinct transcribed protein-coding genes. 
More recently, researchers developed long-oligonucleotide 
bead-based arrays (50-mer, Illumina BeadArrays with a 29-

mer molecular address; Gunderson et al. 2004), which are 
gaining popularity. Affymetrix uses multiple probes for each 
gene, whereas Illumina arrays have approximately 30 copies 
of the same oligonucleotide on the array, providing an inter-
nal technical replication that Affymetrix lacks. Nonetheless, 
experimental comparison of the performance of Affymetrix 
and Illumina gene-expression platforms gives comparable 
and repeatable results (see Barnes et al. 2005). The thou-
sands of simultaneous hybridization reactions occur under 
stringent conditions that enable preferential binding of each 
sample cDNA with its homologous DNA sequence on the 
chip or membrane. The level of hybridization detected is 
assumed to be proportional to the amount of that mRNA 
species in the sample assayed (i.e., the level of gene expres-
sion; Ranz and Machado 2006).

Ultra-high-throughput sequencing (e.g., Illumina 
sequencing) is also emerging as an attractive alternative to 
microarrays for studying mRNA expression levels (Marioni 
et al. 2008, Shendure 2008). This sequencing technology uses 
massively parallel Sanger sequencing reactions to simultane-
ously sequence millions of short fragments of DNA (e.g., 
32-base-pair [bp] regions). All sequence reads are aligned 
against the whole genome using the Illumina-supplied 
algorithm ELAND, which is designed to be particularly effi-
cient for 32-bp reads. The overall expression of each gene 
is calculated using the number of reads mapping to exons 
within each gene. Comparisons to the expression patterns of 
Affymetrix chips using the same RNA samples (human liver 
and kidney, unrelated to inbreeding or inbreeding depres-
sion) showed that these two independent measures are 
highly correlated (a Spearman correlation of approximately 
0.73). Sequencing data, however, allowed greater detection 
of genes with low levels of expression, and the detection of 
novel transcripts and alternative splice variants (see Marioni 
et al. 2008 for details), all of which would be useful in 
uncovering genes responsible for inbreeding depression.

Inbreeding and inbreeding depression:  
Gene number and function
To understand the molecular basis of inbreeding depres-
sion, we first assessed variation in gene expression across 
experimentally inbred lines of Drosophila melanogaster 
using commercially available oligonucleotide microarrays 
of Affymetrix (the Drosophila GeneChip Array, www.osa.
sunysb.edu/udmf/ArraySheets/drosophila2_datasheet.pdf; 
Kristensen et al. 2005, 2006, Ayroles et al. 2009). Choosing 
to work with Drosophila has many advantages for genome 
analysis. Most important, the full-genome sequence has 
been published (Adams et al. 2000). Drosophila is also one of 
the model systems for identifying genes and gene function. 
Overall, the Drosophila genome is relatively small, estimated 
to contain more than 14,000 protein-coding genes (Lin 
et al. 2007). In addition, more than two-thirds of the known 
protein-coding genes have been assigned to functional cat-
egories including immunity, gene regulation, development, 
metabolism, transport, behavior, and DNA replication and 
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repair (Adams et al. 2000, Lin et al. 2007). Thousands of 
research papers have examined the physiology, development, 
biochemistry, and genetics of this organism. Thus, Drosophila 
offers a unique opportunity for conservation biologists, 
ecologists, and evolutionary biologists to make use of these 
data to understand the genetic basis of traits under study. 
Furthermore, the majority of what we currently know about 
inbreeding and inbreeding depression comes from studies of 
Drosophila (Charlesworth and Charlesworth 1999).

In the first whole-genome study on how inbreeding (but 
not inbreeding depression per se) affects gene expression, 
Kristensen and colleagues (2005) compared lines inbred to 
the same level (F = approximately 0.67) at different rates (fast 
versus slow) to those of noninbred lines of D. melanogaster. 
Kristensen and colleagues wanted to know which genes and 
gene pathways were affected by inbreeding, and whether dif-
ferences in the effects of inbreeding may be determined in 
part by the rate of inbreeding. If the effective population size 
is dramatically reduced, then sudden and extreme inbreeding 
will result, with selection having a minor effect and random 
fixation predominating. Slower inbreeding may cause less 
inbreeding depression, given that more generations are avail-
able for selection to act, purging deleterious recessives.

The results of this study uncovered a total of 466 genes that 
were differentially expressed among inbred and noninbred 
lines. Functional categorization of these genes and an assess-
ment of whether they were overrepresented (using the Gene 
Ontology database and EASE, expression analysis system-
atic explorer, in the program DAVID, respectively; Dennis 
et al. 2003, Hosack et al. 2003) indicated a disproportionate 
involvement of stress resistance and metabolism in inbreed-
ing. For example, stress-response genes coding for molecu-
lar chaperones such as Hsp60 (AFFYID: 15203_at), Hsp83 
(AFFYID: 143198_at), and the heat-shock protein cognate 
1 (AFFYID: 143191_at) were differentially up-regulated in 
one or both of the inbred treatments. Heat-shock proteins 
are part of the cellular stress response and are known to 
positively affect survival (Feder 1999, Farkas et al. 2000), 
playing an important role in protein-protein interactions by 
helping to maintain proper protein conformation. In addi-
tion, a number of genes coding for antibacterial peptides 
were up-regulated with inbreeding. These included Dip-
tericins (AFFYID: 143443_at; AFFYID: 147473_at), Defensin 
(AFFYID: 143607_at), and Thor (AFFYID: 153432_at), all 
of which have well-described antibacterial functions (Bulet 
et al. 1999, Beutler 2003, Ganz 2003). The large representa-
tion of genes involved in defensive responses to biotic agents 
is consistent with what we know of inbreeding and inbreed-
ing depression (Kristensen et al. 2006); inbred organisms 
are often more susceptible to environmental challenges 
(e.g., Hedrick and Kalinowski 2000, Keller and Waller 2002). 
Lower metabolic efficiency (up-regulation of metabolic 
genes) in inbred individuals may play a key role in explain-
ing inbreeding depression; that is, leaving less energy for 
reproduction due to higher metabolic costs associated with 
genetic stress (e.g., the up-regulation of heat-shock proteins, 

energy metabolism, sucrose metabolism, and amino acid 
production). In particular, Kristensen and colleagues (2006) 
showed that inbreeding results in increased adenosine 
triphosphate and nicotinamide adenine dinucleotide phos-
phate production, indicative of increased metabolic demand 
(e.g., 38 genes were significantly differentially up-regulated 
in the glycolytic pathway). Consistent with this interpreta-
tion, Myrand and colleagues (2002) showed that energy 
metabolism (oxygen consumption) is significantly higher in 
homozygous individuals when compared with heterozygous 
individuals. 

Surprisingly, comparisons between fast- and slow-inbred 
lines showed no significant differences in gene expression, 
despite the expectation that slow inbreeding should be less 
deleterious and cause changes in gene expression between the 
two inbred treatments. However, more gene transcripts were 
differentially expressed between noninbred and slow-inbred 
lines (362 genes) than between noninbred and fast-inbred 
lines (171 genes). One possible explanation for the observed 
difference in gene number is the higher variance in gene 
expression within the fast-inbred treatment. Between-line 
variance is expected to increase with the severity of inbreeding 
(Lynch and Walsh 1998); this experiment was the first to show 
this on the level of whole-genome expression (Kristensen 
et al. 2005). Most genes that were differentially expressed with 
either fast or slow inbreeding also responded in the same 
direction. Additionally, the overlap between genes being dif-
ferentially expressed under both types of inbreeding when 
compared with noninbred controls was found to be greater 
than would be expected by chance (67 genes, 50 up-regulated 
and 17 down-regulated; Kristensen et al. 2005). 

In a more recent study, Demontis and colleagues (2009), 
using single-nucleotide polymorphisms (SNPs) in DNA cod-
ing regions of slow- versus fast-inbred lines, demonstrated 
that slow inbreeding maintains more genetic diversity than 
fast inbreeding. Demontis and colleagues used 40 SNPs known 
to be contained within genes that are differentially expressed 
between inbred and outbred individuals (see Kristensen et 
al. 2005, 2006). In their study, populations that took 19 gen-
erations (slow lines) rather than one generation (fast lines) to 
reach the same level of inbreeding maintained 10% higher lev-
els of allelic richness and 25% higher levels of heterozygosity 
(Reed 2009). The increased heterozygosity in the slow-inbred 
lines is attributed to the favoring of heterozygous individuals 
over homozygous individuals by natural selection, either by 
associative overdominance or balancing selection, or a combi-
nation of the two (Demontis et al. 2009). 

In a study similar to Kristensen and colleagues’ (2005) 
on inbreeding, Ayroles and colleagues (2009) used third-
chromosome substitution lines of D. melanogaster to assess 
the genetic basis of inbreeding depression. Within each sub-
stitution line, flies were identically homozygous for all genes 
on the third chromosome, and each line contained a differ-
ent wild-type third chromosome derived from a single wild 
population collected in Raleigh, North Carolina (DeLuca 
et al. 2003). All other chromosomes were identical across 
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lines. Consequently, genetic variation between lines was due 
solely to variation naturally found in the third chromosome, 
encoding approximately 40% of the genome. 

Ayroles and colleagues (2009) assessed the degree of 
inbreeding depression among lines by measuring male com-
petitive reproductive success (MCRS), providing an average 
assessment of reproductive success of each male genotype. 
Male reproductive success was assayed under “competitive” 
conditions wherein inbred experimental males had to com-
pete with ebony males to gain access to ebony females. This 
approach mimics the conditions under which normal repro-
duction takes place, and is a commonly accepted proxy for 
male fitness in fruit flies (Drnevich et al. 2004). Ebony is a 
recessive mutation; only homozygous individuals express the 
ebony phenotype, allowing one to differentiate between off-
spring sired by the ebony males and experimental males. Each 
competitive assay lasted seven days, during which males were 
allowed to mate with females; after seven days the experimental 
males were flash frozen and collected for RNA extraction and 
microarray analysis. Ayroles and colleagues (2009) assessed 
inbreeding depression by comparing MCRS in the inbred 
isogenic genotypes with that of an “outbred” genotype (i.e., 
they were heterozygous for genes on the third chromosome 
but identical and homozygous for all other chromosomes, 
given all lines shared the same genetic background for all but 
the third chromosome) generated from crosses among all 
six isogenic lines. For example, isogenic line A was used as a 
parental line to produce several different outbred genotypes; 
the reproductive success of line A would be compared with 
the mean reproductive success of all heterozygous lines for 
which A was a parent, using the following equation: 

where ID is the degree of inbreeding depression, WA is the 
MCRS of the inbred line, and WAj is the mean MCRS of the 
outbred crosses involving line A (Charlesworth and Charles-
worth 1999). 

Inbred lines of D. melanogaster showed considerable vari-
ation in the degree of inbreeding depression expressed, with 
a decrease in MCRS ranging from a low of a 24% reduction 
in fitness to a high of a 79% reduction in fitness among the 
six inbred lines. From the microarray analysis, Ayroles and 
colleagues (2009) uncovered a total of 567 genes that were 
differentially expressed among these six inbred lines. We 
summarized gene-expression results in a two-way hierar-
chical clustering (figure 1) illustrating two significant line 
clusters, separating high inbreeding depression lines from 
low inbreeding depression lines. Clustering distinguishes 
genes that are differentially up- or down-regulated in high 
inbreeding depression lines from those in low inbreeding 
depression lines, gene by gene. Interestingly, these results 
would allow one to predict relative fitness from expres-
sion profiles alone. Expression results were similar to those 
uncovered by Kristensen and colleagues (2005); enrichment 

analysis revealed significant overrepresentation of genes 
involved in metabolism (e.g., amino acid and carbohydrate 
metabolism), stress (e.g., heat-shock proteins), and defense 
(primarily to bacterial and fungal infections). 

The large number of differentially expressed transcripts 
(567) can be interpreted in three ways: (1) inbreeding 
depression is the product of a relatively large number of 
genes of small effect, rather than a few genes of large effect; 
(2) inbreeding depression is caused by a few key genes that 

Figure 1. Hierarchical clustering of gene expression by line. 
Transcript abundance is represented from high (red) to low 
(green) with lines and array replicates shown in columns 
and genes shown in rows. Clustering distinguishes high 
inbreeding depression (ID) lines (83, 33, and 483) from low 
ID lines (286, 383, and 482). Note the high degree of simi-
larity among low ID lines and among high ID lines, and 
the dissimilarity between low and high ID lines. Source: 
Ayroles and colleagues (2009).
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affect the expression of many other genes (e.g., epistatic 
effects on gene expression); or (3) inbreeding depression is 
caused by a relatively large number of genes of small effect 
that also affect the expression of many other genes (e.g., 
epistatic effects on gene expression). When Ayroles and col-
leagues (2009) assessed the proportion of genes differentially 
expressed across inbred lines by chromosomal location, they 
found that 62% of the differentially expressed genes were 
on the third chromosome and approximately 38% of dif-
ferentially expressed genes were on the second, fourth, and 
X chromosomes (29%, 0.4%, and 8%, respectively). Since 
these lines were variable only for the third chromosome (see 
above), any variations found on the second, fourth, and X 
chromosomes had to originate from genes located on the 
third chromosome and were therefore products of trans-
regulation or epistatic interactions. Such trans-regulatory 
effects suggest that a significant amount of inbreeding 
depression could be due to a relatively small number of 
genes (i.e., less than the 567 uncovered) that are causing 
cascading effects within affected gene pathways (e.g., genes 
affecting metabolism). 

Recent studies by Hughes and colleagues (2006) suggest 
that cis-regulation accounts for approximately 51% of the 
genetically variable transcripts (on chromosome three in 
this case), on the basis of the proportion of genes that are 
trans-regulated on chromosomes X and two. Cis-effects, how-
ever, account for more genetic 
variation (70%) in gene expres-
sion than do trans-effects; con-
sequently, cis-effects are larger 
than trans-effects. Meiklejohn 
and colleagues (2003) pointed 
out that 35% to 80% of QTLs 
that influence expression of 
a gene map to the gene itself 
in studies of yeast, mice, and 
maize, suggesting cis-regulation. 
Furthermore, the fraction of cis-
acting genetic factors increases 
with more stringent statistical 
cutoffs (Meiklejohn et al. 2003, 
Schadt et al. 2003), suggesting 
that large changes in expression 
may be related to cis-effects, 
whereas trans-effects are more 
often of smaller effect. 

Ayroles and colleagues (2009) 
also assessed the number of genes 
held in common across the three 
high inbreeding depression lines 
and found 46 genes. These genes 
include those associated with 
metabolism and oxidative stress 
and may represent genes associ-
ated with inbreeding depression 
(i.e., genes that are likely indirectly 

affected by cascading affects on the pathway—it is unlikely that 
all 46 genes result from the unmasking of deleterious recessives 
in all three high inbreeding depression lines). For example, one 
gene held in common is a glutathione transferase important in 
resisting lipid peroxidation. This gene is down-regulated in the 
highly inbred lines, making them more susceptible to oxidative 
(cellular) damage.

Ultimately, studies beyond those of microarray analyses 
will be required to differentiate between models of gene 
action (i.e., many genes of small effect, a few genes of large 
effect, or some combination of the two extremes) and the 
relative importance of each gene to fitness. Nonetheless, our 
first look at whole-genome interactions upon inbreeding and 
its consequent fitness effects is a step in the right direction.

Inbreeding depression: Mode of action 
Ayroles and colleagues (2009) also assessed the mode of 
gene action associated with inbreeding depression (whether 
gene expression is additive, dominant, or overdominant; see  
figure 2). They generated a set of three “outbred” lines (recall 
that the lines differ with respect to allelic variation for genes 
on the third chromosome; all other chromosomes were ge-
netically identical) by crossing the three homozygous high in-
breeding depression lines to each other and contrasting gene 
expression between these parental inbred lines and their F1 

hybrid offspring showing heterosis for the third chromosome. 

Figure 2. Mode of action for additive, dominant, underdominant, and overdominant 
gene expression. Comparisons are for inbred homozygous parental lines (P1 and P2) 
versus an F1 heterozygous cross between the two parental lines. Expression is additive if 
the F1 is intermediate between the two parents, dominant if one of the parents has the 
same expression as the F1, and over- or underdominant if the expression is greater than 
or less than the two parental lines. Bars represent ±1 standard error of the mean.
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Results indicated that the expression of approximately 75% 
of all differentially expressed genes associated with inbreed-
ing depression were additive or dominant, and about 25% of 
all of these genes expressed patterns of overdominance. This 
was unexpected, given that overdominance for expression is 
thought to be rare (Gibson et al. 2004). Experimentally com-
parable studies by Gibson and colleagues (2004) and Hughes 
and colleagues (2006) found fewer genes showing significant 
patterns of overdominance (< 5% of genes) in Drosophila. 
The difference appears to be a result of more stringent sta-
tistical criteria and cutoffs; whether these differences among 
studies are of biological significance is open to question. 
Both genetic mechanisms may contribute to inbreeding 
depression, although expression studies are correlational and 
do not translate directly to cause and effect. Furthermore, it 
is important to point out that only a miniscule fraction of 
the genome has been sampled in the majority of studies on 
inbreeding depression to date, making any general mechanis-
tic interpretation premature (Ayroles et al. 2009).

Inbreeding by environmental interactions
Kristensen and colleagues (2006) conducted the first whole-
genome study to assess the independent and interactive 
effects of inbreeding, inbreeding depression, and environ-
mental stress (high temperature) in male D. melanogaster. 
They compared inbred lines (F approximately 0.67) with 
those of outbred lines of D. melanogaster after exposure to 
nonstressful and stressful (25 degrees Celsius [8C] versus 
368C) environmental conditions. With a conservative false 
discovery rate of 5% used in this study, 12 genes were dif-
ferentially expressed between inbred and outbred lines of 
Drosophila under nonstressful conditions (temperatures of 
258C); all 12 genes were involved in metabolism. Following 
exposure to a high temperature (368C), 176 individual genes 
were differentially expressed between inbred and outbred 
lines, including those associated with metabolism and heat 
shock (i.e., heat-shock proteins). The fact that more genes 
are differentially expressed between inbred and outbred lines 
under stressful conditions is clear evidence for genotype 
by environmental interactions at the transcription level. 
These genes represent potentially important candidates for 
explaining conditionally dependent inbreeding depression 
(Kristensen et al. 2006). 

Kristensen and colleagues (2006) also found that the 
majority of differentially expressed genes were up-regulated 
in inbred lines compared with noninbred lines under tem-
perature stress. This finding supports the hypothesis that 
homozygous individuals exposed to heat stress require more 
energy, and that the better performance of heterozygous 
individuals derives from reduced energy expenditure in the 
maintenance of metabolism. Further support comes from 
the fact that these inbred lines are less heat resistant and have 
lowered fitness compared with noninbred lines (Pedersen 
et al. 2005, Kristensen et al. 2006). 

In both environments the within-gene variance in expres-
sion levels in the inbred lines was higher than within both the 

noninbred lines and in the heat stressed lines (both inbred 
and noninbred) than the nonstressed lines. Increased genetic 
variation in expression is expected given the randomness 
associated with drift (unmasking of deleterious alleles and 
the breakdown of heterosis) among different lines (Falconer 
and Mackay 1996, Kristensen et al. 2006). Assuming a high 
correlation between gene expression levels and phenotype, 
from an evolutionary perspective, population differentiation 
may occur at a faster rate under harsh environmental condi-
tions independent of inbreeding and drift (Kristensen et al. 
2006). Overall, results show that inbreeding and heat stress 
greatly affect the genes associated with metabolism, and that 
these two distinct types of stresses synergistically affect gene-
expression patterns. 

Generalized stress response 
Interestingly, results similar to Kristensen and colleagues (2005) 
and Ayroles and colleagues (2009) were uncovered in a study by 
Landis and colleagues (2004) on the effects of aging and oxida-
tive stress in outbred lines of D. melanogaster; enrichment anal-
ysis revealed significant overrepresentation of genes involved in 
metabolism (e.g., amino acid and carbohydrate metabolism), 
stress (e.g., heat-shock proteins), and defense (primarily to 
bacterial and fungal infections). Landis and colleagues (2004) 
observed 913 genes that were differentially expressed with aging 
and 593 genes that were differentially expressed with oxida-
tive stress. Kristensen and colleagues (2005) tested whether 
observed overlap was higher than expected among inbreeding, 
aging, and oxidative stress treatments and showed that the 
overlap was significantly higher in all comparisons. Overall, 34 
genes were differentially expressed across all three treatments; 
these included metabolic genes (e.g., adenosine [AFFYID: 
143062_at] and NAD-dependent methylenetetrahydrofolate 
dehydrogenase [AFFYID: 151767_at]) and stress and defense 
response genes (e.g., Hsp83 [AFFYID: 143198_at] and Dipteri-
cin [AFFYID: 147473_at]). 

Similar results were also recently uncovered in Antarc-
tic fishes; many up-regulated genes coded for proteins 
that respond to environmental stress such as heat-shock 
proteins, antioxidants (that alleviate oxidative damage to 
cells), lipid metabolism, and innate immunity (Zuozhou et 
al. 2008). Thus, these results suggest that these genes may  
be candidates for stress resistance in general, acting to main-
tain homeostasis in organisms exposed to diverse stresses 
(Kristensen et al. 2005). 

Summary and implications
It is clear that inbreeding depression is associated with a 
large number of gene transcripts, primarily genes associated 
with metabolism, stress, and defense. Genetic drift alone is 
an unlikely explanation for these patterns given the reason-
ably large number of replicates within and across several 
studies that have repeatedly uncovered the same genes and 
gene pathways. Whether there is a large number of genes 
of small effect or a few key genes that affect the expres-
sion of many other genes (i.e., epistatic effects) is unclear.  

This content downloaded from 130.126.52.115 on Mon, 03 Aug 2015 15:55:53 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


274   BioScience  •  April 2010 / Vol. 60 No. 4 www.biosciencemag.org

21st Century Directions in Biology 21st Century Directions in Biology

However, when the proportion of genes differentially ex-
pressed across inbred lines by chromosomal location were 
assessed, approximately two-thirds of the differentially ex-
pressed genes were on the third chromosome, and approxi-
mately one-third of the differentially expressed genes were 
on the second, fourth, and X chromosomes. Since these 
lines were variable only for the third chromosome, variation 
found on the second, fourth, and X chromosomes had to 
originate from genes located on the third chromosome, and 
are therefore products of trans-regulation or epistatic inter-
actions. Thus, results suggest that a significant amount of 
inbreeding depression may be due to a smaller number (i.e., 
less than 567) of genes that in turn affect other genes. 

Overall, these studies have focused primarily on male 
attributes of fitness; it remains to be seen whether patterns 
uncovered here will hold true for traits associated with other 
components of fitness (e.g., female side of fitness). Interest-
ingly, a comparison of male and female fitness components 
in six inbred lines of D. melanogaster showed that males had 
markedly reduced mating ability while female viability and 
fecundity were less affected (Miller and Hedrick 1993). Fur-
thermore, a number of studies have shown gender-related 
differences in gene expression in genes shared by both sexes 
(Connallon and Knowles 2005, Ellegren and Parsch 2007).

Microarray studies have also enabled us to address issues 
concerning the interactive effects of multiple stressors. The 
combinatorial stress effects of inbreeding and inbreeding 
depression and temperature led to the differential expression 
of a larger number of genes than either stressor alone; clear 
evidence for genotype by environment interactions at the 
level of transcription. Furthermore, there was greater vari-
ance in gene expression for inbred and temperature-stressed 
lines—from an evolutionary perspective, population dif-
ferentiation may occur at a faster rate under harsh envi-
ronmental conditions independent of inbreeding and drift. 
Additionally, genes were up-regulated in inbred lines com-
pared with noninbred lines under temperature stress. The 
fact that these genes are involved primarily in metabolism 
may explain why fitness is lower in inbred lines, which shunt 
energy to maintenance rather than reproduction. Moreover, 
genes and gene pathways uncovered in the studies discussed 
above respond to inbreeding and inbreeding depression at 
the molecular level in much the same way as they do to other 
environmental or physiological stressors such as oxidative 
stress, aging, and temperature, demonstrating a generalized 
stress response that affects fitness. 

Results from these studies may also shed light on specific 
issues important to evolution and conservation. One of 
the central questions concerning inbreeding depression in 
conservation and evolutionary biology relates to the inter-
play between selection and drift: Can deleterious alleles 
causing inbreeding depression be removed (purged) effi-
ciently enough by natural selection to reduce the impact of 
increased inbreeding on population viability? The operation 
of purging through natural selection depends in part on the 
magnitude of allele effects; purging is highly effective for 

alleles with large effects (e.g., lethals) but less so for alleles 
of small effect (Frankham et al. 2002). Of course, although 
purging cannot reduce the fraction of the mutational load 
that is due to true overdominance, it can purge the fraction 
that is due to dominance (unmasking of deleterious reces-
sives). If, however, there is a reasonably large number of 
genes contributing to inbreeding depression, then purg-
ing might not be very efficient given that so many loci are 
involved. This could explain, in part, why deleterious reces-
sive genes are maintained in nature and purging is not as 
common as one might theoretically predict. 

Although most genetic models do not currently predict 
the effect of heterozygous advantage on the rate of loss of 
genetic variation in small populations, Lesica and Allendorf 
(1992) estimated expected rates of loss of heterozygosity 
under different selective intensities and population sizes 
using computer simulations. Overall, their results indicate 
that heterozygous advantage would maintain larger levels 
of genetic variance within populations of small size (< 100). 
Thus, if overdominance were an important mechanism 
(having a fitness advantage at the loci examined), heterozy-
gous advantage would slow the loss of genetic variation 
caused by drift more than neutral models would predict. In 
addition, in the case of overdominance both allelic variants 
would have a higher probability of being maintained in the 
population, which would not be the case where deleterious 
alleles are being unmasked by inbreeding. 

Limitations of microarrays
The “list of genes” resulting from microarray data should 
not be viewed as an end in itself; it is a first step toward 
uncovering genes responsible for the traits or patterns of 
interest. As Feder and Mitchell-Olds (2003) pointed out, 
“Transcription profiling should be regarded as exploratory 
data analysis in advance of the manipulative experiments 
that are needed to provide rigorous verification” (p. 650). 
Certainly, the results of the microarray studies described 
above lead to a number of hypotheses ripe for testing. It 
will also be important to broaden our perspective. To date, 
microarray studies of inbreeding and inbreeding depression 
have focused on solely Drosophila. It will be important to 
expand these studies not only to other model organisms 
but more importantly to nonmodel organisms that we can 
study under natural conditions in the field. Recently devel-
oped next-generation sequencing technologies such as 454 
pyrosequencing certainly hold promise for making genome 
and transcriptome sequences available for more projects 
and more nonmodel organisms (Hudson 2008). The impact 
of next-generation sequencing is already being felt in taxa 
distantly related to the classic molecular model organisms 
(see e.g., Toth et al. 2007).

Where to from here?
In combination with high-density genotyping and QTL or 
association mapping, we now have the tools for discovering 
the specific genetic determinants of inbreeding depression 
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(Ayroles et al. 2009). One potential approach is to identify 
candidate genes by combining microarray data for variation 
in inbreeding depression with QTL mapping studies using re-
combinant inbred lines of Drosophila. A suite of recombinant 
inbred lines would be developed from a cross between a high 
inbreeding depression line and a low inbreeding depression 
line to ultimately segregate the genetic variation associated 
with inbreeding depression. QTL mapping allows the discov-
ery of stretches of DNA that are closely linked to the genes 
that underlie inbreeding depression in these recombinant in-
bred lines. Microarray data from inbreeding depression stud-
ies, in combination with deficiency mutants (DNA deletions), 
could then be used to uncover candidate genes found within 
each QTL region (Wayne and McIntyre 2002). To confirm the 
role of candidate genes in inbreeding depression validation 
studies such as RNA interference or transformations through 
gene targeting by homologous recombination will be neces-
sary (see, e.g., Rong and Golic 2000). 

Instead of QTL mapping, genomewide association map-
ping (also known as linkage disequilibrium mapping) has 
emerged as a tool for uncovering the genetic basis of pheno-
typic variation such as inbreeding depression. Rather than 
looking for marker-trait (QTL) associations in a population 
with known relationships (e.g., offspring of an experimen-
tal cross), we look for associations in the population of 
“unrelated” individuals. Because unrelated individuals are 
always related at some distance, phenotypically similar indi-
viduals may be similar because they share identical alleles 
inherited through descent—alleles that will be surrounded 
by short ancestral marker haplotypes that can be identified 
in genomewide scans. Association mapping has two main 
advantages over traditional linkage mapping methods. First, 
no crosses are required, and second, association mapping 
has greater resolution than linkage mapping because the 
extent of haplotype sharing between unrelated individuals 
reflects the action of recombination over many generations. 
The drawbacks of association mapping stem from the fact 
that it is an uncontrolled experiment and it is difficult to 
predict the number of false positives as a result of spurious 
correlation (Aranzana et al. 2005). 

Another approach would be to gain an understanding 
of the physiological and biochemical effects of inbreed-
ing depression. Metabolomic studies would enable one to 
assess which fundamental metabolic processes are modified 
by inbreeding depression, given that the underlying effects 
of inbreeding depression at the genomic level relate to 
metabolism. The metabolome is the complete set of small-
molecule metabolites (such as metabolic intermediates, 
secondary metabolites, hormones, and other signaling mol-
ecules) within an organism. Pedersen and colleagues (2008) 
recently conducted just such a study using nuclear magnetic 
resonance (NMR) spectroscopy. This technique allows the 
detection of metabolites without any initial separation 
step (such as gas chromatography or high-performance 
liquid chromatography). Thus, all kinds of small-molecule 
metabolites can be measured simultaneously; in this sense, 

NMR spectroscopy is close to being a universal detector. 
Pedersen and colleagues (2008) found significant differ-
ences in the metabolome between inbred and outbred lines 
of D. melanogaster; in particular, they found inbred lines 
to have increased levels of maltose and decreased levels of 
3-hydroxykynurenine and a galactoside specific to male 
Drosophila. The galactoside, which is transferred from the 
male accessory glands in the seminal fluid to the female, is 
thought to be related to mating success and suppression of 
female receptivity following mating. Thus, lower concentra-
tions may have negative effects on reproduction. 

Similarly, a proteomic approach would allow an assess-
ment of the proteins that are differentially affected by 
inbreeding depression. The proteome is larger than the 
genome, especially in eukaryotes, in the sense that there 
are more proteins than genes. This is due to alternative 
splicing of genes and posttranslational modifications such 
as glycosylation or phosphorylation. Proteomics will most 
likely give a much better understanding of the molecular 
biology of inbreeding depression than genomics, given 
that the level of transcription of a gene gives only a rough 
estimate of its level of expression into a protein. An mRNA 
produced in abundance may be degraded rapidly or trans-
lated inefficiently, resulting in a small amount of protein. 
Expression differences can be detected by two-dimensional 
gel electrophoresis (e.g., Li H-M et al. 2007), which can also 
be used to identify posttranslational protein modifications. 
Small differences in a protein can be visualized by separating 
a modified protein from its unmodified form. 

Only one study has carried out a proteomic approach on 
the causal effects of inbreeding depression. Pedersen and col-
leagues (2009) presented a proteomic characterization of a 
conditional lethal found in an inbred line of D. melanogaster. 
The lethal effect is apparent as a substantial increase in early 
mortality at high temperatures (298C) as opposed to normal 
survival at lower temperatures (208C), most likely caused by a 
single recessive major locus. Overall, 45 proteins were found 
to be significantly differentially regulated in response to high 
temperatures in this conditional lethal inbred line when com-
pared with both a nonlethal inbred and outbred control line. 
No proteins were significantly differentially regulated between 
the inbred and outbred control lines, verifying that differen-
tial protein regulation was specific to the genetic defect in 
the conditional-lethal line. Proteins associated with oxidative 
phosphorylation and mitochondria were significantly over-
represented within the list of differentially expressed proteins. 
Dysfunction of mitochondrial function may be a major fac-
tor in the high mortality observed in the conditional-lethal 
line, directly affecting activity and stability of proteins and 
consequently energy metabolism. This study is of particular 
significance because the deleterious effects of inbreeding are 
generally accepted to be more severe in suboptimal or stressful 
environments, but knowledge of the environmentally induced 
causative molecular basis is rare.

The technological advances in genotyping, expression 
profiling, proteomics, and metabolomics have led and 
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will continue to lead to advances in our understanding of 
the molecular basis of inbreeding depression and perhaps 
of more generalized stress responses as well. Our ultimate 
goal is to devise means for minimizing and reversing the 
detrimental effects of inbreeding depression. Knowing 
the details of how genetic variation affects molecular, 
cellular, and organismal function is essential to under-
standing inbreeding depression, its evolutionary impact, 
the conservation of genetic diversity, the probability of 
extinction, and the susceptibility to pathogen attack and 
autosomal disease. Lastly, these studies represent a major 
step toward understanding the relationship between 
genotype and phenotype, the primary goal of biology in 
the 21st century. 

Acknowledgments
I thank four anonymous reviewers for comments that helped 
improve this manuscript. This work was supported by Na-
tional Science Foundation Awards DEB-0092554, DEB-
0296177, and the University of Illinois Urbana-Champaign 
Research Board.

References cited
Abplanalp H. 1990. Inbreeding. Pages 955–984 in RD Crawford, ed. Poultry 

Breeding and Genetics. Elsevier.
Adams MD, et al. 2000. The genome sequence of Drosophila melanogaster. 

Science 287: 2185–2195.
Amundson SA. 2008. Functional genomics and a new era in radiation biol-

ogy and oncology. BioScience 58: 491–500.
Aranzana MJ, et al. 2005. Genome-wide association mapping in Arabidopsis 

identifies previously known flowering time and pathogen resistance 
genes. PLoS Genetics 1: 531–539.

Ayroles JF, Hughes KA, Rowe KC, Reedy MM, Rodriguez-Zas SL, Drnevich 
JM, Cáceres CE, Paige KN. 2009. A genome-wide assessment of inbreed-
ing depression: Gene number, function and mode of action. Conserva-
tion Biology 23: 920–930. 

Barnes M, Freudenberg J, Thompson S, Aronow B, Pavlidis P. 2005. Ex-
perimental comparison and cross-validation of the Affymetrix and 
Illumina gene expression analysis platforms. Nucleic Acids Research 
33: 5914–5923.

Beutler B. 2003. Innate immune responses to microbial poisons: Discovery 
and function of the Toll-like receptors. Annual Review of Pharmacology 
43: 609–628.

Bittles AH, Mason WM, Greene J, Rao NA. 1991. Reproductive behavior and 
health in consanguineous marriages. Science 252: 789–794. 

Bulet P, Hetru C, Dimarcq L, Hoffmann D. 1999. Antimicrobial peptides 
in insects; stucture and function. Developmental and Comparative Im-
munology 23: 329–344.

Burdon JJ, Marshall DR. 1981. Biological control and the reproductive 
mode of weeds. Journal of Applied Ecology 18: 649–658.

Carr DE, Dudash MR. 2003. Recent approaches into the genetic basis of 
inbreeding depression in plants. Philosophical Transactions of the Royal 
Society B 358: 1071–1084.

Chahal GS, Gosal SS. 2002. Principles and Procedures of Plant Breeding: 
Biotechnological and Conventional Approaches. CRC Press.

Charlesworth B. 1998. The effect of synergistic epistasis on the inbreeding 
load. Genetics Research 71: 85–89.

Charlesworth B, Charlesworth D. 1999. The genetic basis of inbreeding 
depression. Genetical Research 74: 329–340.

Charlesworth D, Charlesworth B. 1987. Inbreeding depression and its 
evolutionary consequences. Annual Review of Ecology and Systematics 
18: 237–268.

Connallon T, Knowles LL. 2005. Intergenomic conflict revealed by patterns 
of sex-biased gene expression. Trends in Genetics 21: 495–499.

Crnokrak P, Roff DA. 1999. Inbreeding depression in the wild. Heredity 
83: 260–270.

Darwin C. 1876. The Effects of Cross and Self-fertilisation in the Vegetable 
Kingdom. London.

Davenport CB. 1908. Degeneration, albinism and inbreeding. Science 28: 
454–455.

DeLuca M, Roshina NV, Geiger-Thornsberry GL, Lyman RF, Pasyukova 
EG, MacKay TFC. 2003. Dopa decarboxylase (Ddc) affects variation in 
Drosophila longevity. Nature Genetics 34: 429–433.

Demontis D, Pertoldi C, Loeschcke V, Mikkelsen K, Axelsson T, Kristensen 
TN. 2009. Efficiency of selection, as measured by single nucleotide 
polymorphism variation, is dependent on inbreeding rate in Drosophila 
melanogaster. Molecular Ecology 18: 4551–4563.

Dennis G, Sherman BT, Hosack DA,Yang J, Gao W, Lane HC, Lempicki RA. 
2003. DAVID: Database for annotation, visualization, and integrated 
discovery. Genome Biology 4: R60.

Drnevich JM, Murray MM, Ruedi EA, Rodriguez-Zas S, Hughes KA. 2004. 
Quantitative evolutionary genomics: Differential gene expression and 
male reproductive success in Drosophila melanogaster. Proceedings of 
the Royal Society B 271: 2267–2273.

East EM. 1908. Inbreeding in corn. Report of the Connecticut Agriculture 
Experimental Station 1907: 419–429.

El-Hazmi MA, Al-Swailem AR, Warsy AS. 1995. Consanguinity among the 
Saudi Arabian population. Journal Medical Genetics 32: 623–626.

Ellegren H, Parsch J. 2007. The evolution of sex-biased genes and sex-biased 
gene expression. Nature Reviews Genetics 8: 689–698.

Falconer DS, Mackay TFC. 1996. Introduction to quantitative genetics. 
Longman.

Farkas G, Leibovitch BA, Elgin SC. 2000. Chromatin organization and 
transcriptional control of gene expression in Drosophila. Gene 253: 
117–136. 

Feder H. 1999. Engineering candidate genes in studies of adaptation: The 
heat-shock protein Hsp70 in Drosophila melanogaster. American Natu-
ralist 154: S55–S66. 

Feder ME, Mitchell-Olds T. 2003. Opinion: Evolutionary and ecological 
functional genomics. Nature Reviews Genetics 4: 649–655. 

Frankham R. 1995. Conservation genetics. Annual Review of Genetics 29: 
305–327. 

Frankham R, Ballou JD, Briscoe DA. 2002. Introduction to Conservation 
Genetics. Cambridge University Press.

Franklin IR. 1980. Evolutionary change in small populations. Pages 135–150 
in Soulé ME, Wilcox BA, eds. Conservation Biology: An Evolutionary 
Ecological Perspective. Sinauer.

Ganz T. 2003. Defensins: Antimicrobial peptides of innate immunity. 
Nature Reviews Immunology 3: 710–720.

Garrod AE. 1902. The incidence of alkaptonuria: A study in chemical indi-
viduality. The Lancet 2: 1616.

———. 1908. Inborn errors of metabolism. The Lancet 2: 1–7.
Gibson G, Riley R, Harshman L, Kopp A, Vacha S, Nuzhdin S, Wayne M. 

2004. Extensive sex-specific nonadditivity of gene expression in Droso-
phila melanogaster. Genetics 167: 1791–1799.

Gunderson KL, et al. 2004. Decoding randomly ordered DNA arrays. 
Genome Research 14: 870  –877.

Harmer SL, Kay SA. 2000. Microarrays: Determining the balance of cellular 
transcription. Plant Cell 12: 612–616.

Hedrick PW, Kalinowski ST. 2000. Inbreeding depression in conservation 
biology. Annual Review of Ecology and Systematics 31: 139–162.

Heschel MS, Paige KN. 1995. Inbreeding depression, environmental stress, 
and population size variation in scarlet gilia (Ipomopsis aggregata). 
Conservation Biology 9: 126–133.

Hosack DA, Dennis G, Sherman BT, Lane HC, Lempicki RA. 2003. Identifying 
biological themes within lists of genes with EASE. Genome Biology 4: R70.

Hughes KA. 1995. The inbreeding decline and average dominance of 
genes affecting male life-history characters in Drosophila melanogaster. 
Genetical Research 65: 41–52.

This content downloaded from 130.126.52.115 on Mon, 03 Aug 2015 15:55:53 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


21st Century Directions in Biology

www.biosciencemag.org  April 2010 / Vol. 60 No. 4  •  BioScience   277   

21st Century Directions in Biology

Hughes KA, Ayroles JF, Reedy MM, Drnevich JM, Rowe KC, Ruedi EA, Cac-
eres CE, Paige KN. 2006. Segregating variation in the transcriptome: Cis 
regulation and additivity of effects. Genetics 173: 1347–1355.

Hudson ME. 2008. Sequencing breakthroughs for genomic ecology and 
evolutionary biology. Molecular Ecology Resources 8: 3–17.

Kärkkäinen K, Kuittinen H, van Treuren R, Vogl C, Oikarinen S, Savolainen 
O. 1999. Genetic basis of inbreeding depression in Arabis petraea. Evolu-
tion 53: 1354–1365.

Keller L, Waller DM. 2002. Inbreeding effects in wild populations. Trends in 
Ecology and Evolution 68: 252–258.

Kristensen TN, Sorensen P, Kruhoffer M, Pedersen KS, Loeschcke V. 2005. 
Genome-wide analysis on inbreeding effects on gene expression in 
Drosophila melanogaster. Genetics 171: 157–167.

———.  2006. Inbreeding by environmental interactions affect gene expres-
sion in Drosophila melanogaster. Genetics 173: 1329–1336.

Lacy RC. 1997. Importance of genetic variation to the viability of mamma-
lian populations. Journal of Mammalogy 78: 320–335.

Lande R, Schemske DW. 1985. The evolution of self-fertilization and 
inbreeding depression in plants, I: Genetic models. Evolution 39: 
24–40.

Landis GN, Abdueva D, Skvortsov D, Yang J, Rabin BE, Carrick J, Tavare S, 
Tower J. 2004. Similar gene expression patterns characterize aging and 
oxidative stress in Drosophila melanogaster. Proceedings of the National 
Academy of Sciences 101: 7663–7668.

Lesica P, Allendorf FW. 1992. Are small populations of plants worth 
preserving? Conservation Biology 6: 135–139.

Li H-M, Margam V, Muir WM, Murdock LL, Pittendrigh BR. 2007. Changes 
in Drosophila melanogaster midgut proteins in response to dietary 
Bowman-Birk inhibitor. Insect Molecular Biology 16: 539–549.

Li ZK, et al. 2001. Overdominant epistatic loci are the primary genetic basis 
of inbreeding depression and heterosis in rice, I: Biomass and grain 
yield. Genetics 158: 1737–1753.

Lin MF, et al. 2007. Revisiting the protein-coding gene catalog of Drosophila 
melanogaster using 12 fly genomes. Genome Research 17: 1823–1836.

Lynch M, Walsh B. 1998. Genetics and Analysis of Quantitative Traits. 
Sinauer.

MacKay TFC. 2001. The genetic architecture of quantitative traits. Annual 
Review of Genetics 35: 303–339.

Marioni JC, Mason CE, Mane SM, Stephens M, Gilad Y. 2008. RNA-seq: 
An assessment of technical reproducibility and comparison with gene 
expression arrays. Genome Research 18: 1509–1517.

Meghji MR, Dudley JW, Lambert RJ, Sprague GF. 1984. Inbreeding depres-
sion, inbred and hybrid grain yields, and other traits of maize genotypes 
representing three eras. Crop Sciences 24: 545–549.

Meiklejohn CD, Parsch J, Ranz JM, Hartl DL. 2003. Rapid evolution of 
male-biased gene expression in Drosophila. Proceedings of the National 
Academy of Sciences 17: 9894–9899.

Miller PS, Hedrick PW. 1993. Inbreeding and fitness in captive populations: 
Lessons from Drosophila. Zoo Biology 12: 333–351.

Myrand B, Tremblay R, Sévigny J-M. 2002. Selection against blue mussels 
(Mytilis edulis L.) homozygotes under various stressful conditions. Jour-
nal of Heredity 93: 238–248.

Pedersen KS, Kristensen TN, Loeschcke V. 2005. Effects of inbreeding and 
rate of inbreeding in Drosophila melanogaster—Hsp70 expression and 
fitness. Journal of Evolutionary Biology 18: 756–762.

Pedersen KS, Kristensen TN, Loeschcke V, Petersen, BO, Duus JO, Nielsen 
NC, Malmendal A. 2008. Metabolomic signatures of inbreeding at 
benign and stressful temperatures in Drosophila melanogaster. Genetics 
180: 1233–1243.

Pedersen KS, Codrea MC, Vermeulen CJ, Loeschcke V, Bendixen E. 2009. 
Proteomic characterization of a temperature-sensitive conditional le-
thal in Drosophila melanogaster. Heredity 104: 125–134.

Ranz JM, Machado CA. 2006. Uncovering evolutionary patterns of gene 
expression using microarrays. Trends in Ecology and Evolution 21: 
29–37.

Reed DH. 2009. When it comes to inbreeding: Slower is better. Molecular 
Ecology 18: 4521–4522.

Ritland K. 1996. Inferring the genetic basis of inbreeding depression in 
plants. Genome 39: 1–8.

Roff DA. 2002. Inbreeding depression: Tests of the overdominance and 
partial dominance hypotheses. Evolution 56: 768–775.

Rojas MC, Pérez JC, Ceballos H, Baena D, Morante N, Calle F. 2009. Analy-
sis of inbreeding depression in eight S1 cassava families. Crop Science 
49: 543–548.

Rong YS, Golic KG. 2000. Gene targeting by homologous recombination in 
Drosophila. Science 288: 2013–2018.

Rudan I, Campbell H. 2004. Five reasons why inbreeding may have consid-
erable effect on post-reproductive human health. Collegium Antropo-
logicum 28: 943–950.

Schadt EE, et al. 2003. Genetics of gene expression surveyed in maize, 
mouse and man. Nature 422: 297–302.

Schena M, Shalon D, Davis RW, Brown PO. 1995. Quantitative monitoring 
of gene expression patterns with a complementary DNA microarray. 
Science 270: 467–470.

Shendure J. 2008. The beginning of the end for microarrays? Nature 
Methods 5: 585–587.

Templeton AR, Read B. 1994. Inbreeding: One word, several meanings, 
much confusion. Pages 91–105 in Loeschcke V, Tomiuk J, Jain SK, eds. 
Conservation Genetics. Birkhäuser.

Toth AL, et al. 2007. Wasp brain gene expression supports an evolutionary 
link between maternal behavior and eusociality. Science 318: 441–444.

Wayne ML, McIntyre LM. 2002. Combining mapping and arraying: An 
approach to candidate gene identification. Proceedings of the National 
Academy of Sciences 99: 14903–14906.

Wayne RK, Morin PA. 2004. Conservation genetics in the new molecular 
age. Frontiers in Ecology and the Environment 2: 89–97. 

White KP, Rifkin SA, Hurban P, Hogness DS. 1999. Microarray analy-
sis of Drosophila development during metamorphosis. Science 286: 
2179–2184.

Wright S. 1977. Evolution and the Genetics of Populations, vol. 3. Experimen-
tal Results and Evolutionary Deductions. University of Chicago Press.

Zirkle C. 1952. Early ideas on inbreeding and crossbreeding. Pages 1–13 in 
Gowen JW, ed. Heterosis. Iowa State College Press. 

Zuozhou C, et al. 2008. Transcriptomic and genomic evolution under con-
stant cold in Antarctic notothenioid fish. Proceedings of the National 
Academy of Sciences 105: 12944–12949.

Ken N. Paige (k-paige@illinois.edu) is with the School of Integrative Biology at 
the University of Illinois in Urbana. 

This content downloaded from 130.126.52.115 on Mon, 03 Aug 2015 15:55:53 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp

