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Are transcriptional responses to inbreeding a functional response
to alleviate inbreeding depression?
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Previous studies addressing the rela-
tionship between gene regulation
and inbreeding depression did not allow
for discerning the changes that alleviate
the depression from those that generate
it. We directly addressed this question
by analyzing changes in gene expression,
using Affymetrix 2.0 arrays in Drosophila
melanogaster inbred sublines differing in
their magnitudes of inbreeding depres-
sion relative to the expression in an out-
bred control. The total number of arrays
analyzed was 27, with 9,133 probe sets
showing a significant signal of expres-
sion. We found that for those genes dif-
ferentially expressed between inbred and
outbred sublines, most of them showed
a pattern of expression consistent with a
protective role against inbreeding effects.
The observed increase in depression was
presumably related to an inability of the
genome to do the appropriate expres-
sion adjustments. Expression changes
detected in our study showed a clear
specificity of RNA-splicing and energy
derivation functions. Thus, it appears
that most of the observed changes in
gene expression associated with inbreed-
ing may occur predominantly to alleviate
inbreeding depression, i.e., as a protec-
tion against the effects of inbreeding.

Genetic models of inbreeding have been
traditionally ~focused on inbreeding
depression, the most important pheno-
typic consequence of inbreeding, as well
as on the effects and population dynam-
ics of genes that would be involved in its
causation.! In recent times, however, the

advent of large-scale platforms to monitor
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gene expression across the whole genome
has made it possible to have a more com-
plete and detailed view of the transcrip-
tomics of inbreeding. The analysis of the
changes in expression of thousands of
genes may shed light on different possible
patterns of transcriptomic responses to the
genomic stress originated by inbreeding.
The expression changes observed in some
genes may have a direct or indirect role
in the causation of inbreeding depression
for fitness. However, expression changes
in other genes might be the reflection
of transcriptomic responses directed to
compensate or alleviate the negative con-
sequences of inbreeding.” We made a
gene expression analysis of inbreeding in
Drosophila melanogaster males using the
Affymetrix Drosophila Genechip Array
2.0 and aimed to distinguish the changes
that alleviate the depression from those
that generate it’ We started with four
pairs (lines) of individuals and founded
55 full-sib mating inbred sublines with
each. In generation eight, the sublines
showed a great variation in pupa produc-
tivity (and thus inbreeding depression),
despite having the same genealogical
inbreeding coefficient (around 0.7). We
then took the three most and the three
least depressed sublines in each line on the
basis of their pupa productivity, and mea-
sured their gene expression along with that
in outbred samples from the same base
population. Thus, we could compare the
magnitude of gene expression for samples
of outbred (control) flies and for samples
of highly inbred flies differing in their
level of inbreeding depression for fitness.
This made it possible to simultaneously
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Figure 1. (A) Patterns of expression observed for the 9133 probes analyzed in the experiment. In the protective pattern, the least depressed sublines
(-D) have a more extreme expression than the most depressed sublines (+D) relative to the outbred control expression (C). In the non-protective pat-
tern, the most depressed sublines have more extreme expression than the least depressed sublines. The remaining pattern (other) refers to probes
where the outbred expression is intermediate between the two inbred ones. The histograms represent the number of probes showing each particular
expression pattern. (B) Coefficient of variation of expression among sublines for each of the three patterns of expression.

measure inbreeding-related  differences
(by comparing all inbred samples with
outbred controls) and depression-related
differences (by comparing the most with
the least depressed inbred sublines).

The outcome of the comparisons
allowed for the identification of two basic
patterns of expression. First, a pattern of
transcripts was determined, with inter-
mediate expression for the least depressed
samples (Fig. 1A, mid panel). This pattern
could in principle correspond to expres-
sion changes contributing to depression, as
changes were larger in the most depressed
samples than in the least depressed ones.
Second, a pattern of transcripts in which
the most depressed samples, rather than
the least depressed ones, were intermedi-
ate, i.e., the sublines making the largest
changes from outbred controls suffered
the least depression, as would be expected
in the case of functional adjustments
against depression (Fig. 1A, left panel).
Our basic finding was that most tran-
scripts (62%) showed this second, “pro-
tective” pattern, both for upregulated
and downregulated genes, and moreover,
that the proportion of protective changes
increased for transcripts showing stron-
ger inbreeding or depression effects.
The remaining third expression pattern,
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with the outbred controls in the middle
(Fig. 1A, right panel), was represented by
a minority (12%) of genes. In summary,
changes in expression were consistent
with Drosophila having genes or gene net-
works that are activated in the presence of
inbreeding and deliver large changes in
transcription across the genome. However,
the greatest changes in inbreeding depres-
sion did not seem to be generally associ-
ated with the greatest changes in gene
expression. On the contrary, for most
transcripts the largest changes in expres-
sion corresponded to the least depressed
sublines, consistent with a role of expres-
sion changes directed toward a protection
against inbreeding effects.

Two observations support the existence
of gene regulation networks responding to
inbreeding. First, genes showing protec-
tive expression patterns had more defined
functional annotations, with higher lev-
els of enrichment in particular categories
than genes expressed in the other patterns.
The list of protectively upregulated genes
was significantly enriched in transcription,
RNA splicing and protein folding func-
tions while genes downregulated included
respiration and energy derivation terms,
which suggests measures to save energy.
Second, the expression levels tended to be
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less variable in the least than in the most
depressed sublines (Fig. 1B). The higher
variation in expression between the most
depressed sublines suggests an erratic
behavior resulting from defective regula-
tion of gene networks, a potential cause
of inbreeding depression.” This erratic
behavior was consistent with defects in
transcription occurring at random and
being thus different in different lines
and sublines, as would be the case if the
depression was caused by the fixation of
rare deleterious recessive genes, as consid-
ered by current population genetic mod-
els. The more regular and stable changes
in the least depressed sublines were con-
sistent with functional responses aimed to
alleviate this depression.

Some of the genes showing the great-
est upregulation in the least depressed
sublines already had well-known cyto-
protective functions. This was the case of
Sec61v® and that of the Hsp70-related gene
Dmel\CG2918.° Hps70 is a family of heat-
shock proteins part of the cell’s machinery
for protein folding that play an important
role in the protection of cells against stress.
However, it is not clear if the observed
large-scale change in transcription was a
specific response to inbreeding or a gen-
eral response to situations of poor body
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condition or decreased fitness, either due
to inbreeding or any other stress source.
It is difficult to evaluate a priori the like-
lihood of these two alternatives, because
the precise biological mechanisms causing
inbreeding depression are not completely
understood.'®" Tt has recently been pro-
posed that DNA methylation could be
involved'? but our results do not allow us
to address this matter, due to present limi-
tations in the details of gene functional
annotations. A Flybase search for the ontol-
ogy term “DNA methylation” found only
five genes described in Drosophila melano-
gaster [CG34356, Ipod, Mc2, CG14478
and Su(var)3-9], of which only the latter
two were expressed in our experiment and
only the last one showed an (upregulated)
protective-consistent response. It could be
argued that an evolved specific pathway to
alleviate inbreeding effects would be more
likely in populations experiencing fre-
quent demographic bottlenecks and fac-
ing high levels of inbreeding. In contrast,
in species with large effective population
sizes, such as Drosophila melanogaster,
it would be more reasonable to expect a
general transcriptomic response to poor
body condition. However, in that case it is
puzzling first, that the lists of genes with
protective patterns found in our experi-
ment were not particularly enriched in
stress-related functional terms; and sec-
ond, the limited overlap between our list
of protectively-behaving genes and those
of genes described as responding to stress
in this species. When we examined the
genes under the Gene Ontology (GO)
term “response to stress’ in Flybase, we
found (Fig. 2) that the proportion of pro-
tective expressions in our experiment was
even slightly lower than in the whole list of
expressed genes. The situation was similar
for other broad categories often considered
as functionally related to response to stress,
as “immune response” and “aging”'“'®
However, other terms such as “response
to oxidative stress,” “cellular response to
stress” and “cellular response to starva-
tion” included more protective profiles, in
proportion, than the general list.

A more detailed analysis of these
results provides an intriguing result: the
increased frequency of protective profiles
relative to that observed in the general
gene list occurred almost exclusively in

GO term Exp % +Reg % Prot %Prot +reg / -reg |
0 100

All genes expressed 8009 69 62 e
Response to stress 539 65 57 ;
Cellular response to stress 38 53 71 ;
Response oxidative stress 53 60 72 ——
Endoplasmic reticulum stress 8 87 50 ]
DNA damage 138 75 51 ——
Response to starvation 27 70 63 ——
Celular response to starvation 14 64 71 e ——
Regulation response stress 70 59 67 e——
Immune response 143 60 56 ——
Aging 95 59 68 ——

and the downregulated genes in the term.

Figure 2. Number of genes corresponding to different Gene Ontology (GO) terms. Exp, number of
genes with probes expressed in the experiment; %-+Reg, proportion of these genes upregulated
in the inbred lines; %Prot, proportion of these genes showing protective-consistent expression
patterns. White and black bars represent the proportions of protective patterns among the up-

the downregulated genes (with the excep-
tion of the term “endoplasmic reticulum
stress,” although this class consisted of
only eight expressed genes). Thus, many
genes related with stress responses were,
somewhat unexpectedly, downregulated
in the least depressed sublines. One pos-
sible interpretation is that genes in these
GO terms really tend to be involved in
responses against the sudden exposure to
stress sources. However, changes in these
genes could be counterproductive if the
stress source is maintained for a long-
term, as would be the case in a situation
of chronic stress such as that likely caused
by inbreeding depression. The transcrip-
tion analyses of Serensen, et al.,'* using
Drosophila  melanogaster lines selected
to withstand different kinds of stressful
conditions, resulted in lists of differen-
tially expressed genes that did not coin-
cide with our lists of protective-like genes
more than expected by chance. This can
also be consistent with the above interpre-
tation, because the stressful stimuli used
in that experiment tended to be acute
rather than chronic. In addition, not all
transcriptomic responses to stress need to
be protective. For example, Girardot, et
al.” found a lack of correlation between
the direction of genes’ transcriptional
responses to oxidative stress and the
effects of their mutations on resistance to
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that stress, which suggests the coexistence
of protective and deleterious changes in
gene expression.

In any case, the interpretation of
changes in the expression of individual
genes in terms of functional descriptions
as broad as “stress” may not be realistic.
The effects of genes on complex phe-
notypic traits could heavily depend on
physiological context, or, as suggested
by Sarup, et al.,'® on genetic context. In
a review of published transcription analy-
ses of inbreeding in Drosophila popula-
tions, Sarup, et al. found that the lists
of genes responding to inbreeding had
little overlap when they corresponded
to populations with different genetic
backgrounds, whereas this overlap was
considerable when the populations’ back-
grounds were similar. This supports the
view that the regulation of transcription
occurs in closely integrated networks of
genes'” and that considering genetic back-
grounds is required to understand the
behavior of most genes.'”® Several studies
found that the quantitative genetics of
transcription is very complex, involving
transgressive segregation, epistasis, and
evolved regulatory strategies to limit or to
exploit gene expression noise.*"” In addi-
tion, and as illustrated above by the lim-
ited number of genes ascribed at present
to the GO category “DNA methylation,”
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Figure 3. Distribution of probes differentially expressed in inbred vs. outbred sublines with a False Discovery Rate (FDR) of 0.01 over the physical map
of the Drosophila chromosomes (scale in Megabases, Mb). Probes with protective-consistent pattern are shown in red and those with non-protective

the enterprise of gene annotation is far
from finished. Even in this model species,
there are many genes without annotation,
and many ontology terms without genes.
Moreover, genes included in the same
term can influence the same biological
process in opposite directions, or it could
even be too simplistic to consider that
genes affect a given character always in
the same direction.

Our results change the “detrimen-
tal paradigm” of inbreeding depression,
where expression changes are usually
interpreted as fitness damaging. We sug-
gest that many changes in gene expression,
widespread throughout all chromosomes
of the Drosophila genome (Fig. 3), are in
fact compensatory adjustments to keep
organisms functional. Analyzing the
nature of these adjustments could greatly
increase our understanding of inbreed-
ing depression, as well as have practical
applications in the fields of animal and
plant breeding and the genetic manage-
ment of endangered species. The main
strategy proposed to improve the fitness
of inbred populations considered by the
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current models of depression is the purg-
ing of deleterious mutations, and in the
case of small populations this purging
would work only for mutations of large
effect. Our experiment found evidence of
genetic effects protecting against inbreed-
ing depression, which could facilitate the
eventual adaptation of endangered species
to living in small populations. The quan-
tification of both the adaptive and det-
rimental variations in populations could
be the key in evaluating their genetic
health?® and in the application of conser-
vation plans in the future.
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