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ABSTRACT

While the population genetics of inbreeding is fairly well understood, the effects of inbreeding on the
physiological and biochemical levels are not. Here we have investigated the effects of inbreeding on the
Drosophila melanogaster metabolome. Metabolite fingerprints in males from five outbred and five inbred
lines were studied by nuclear magnetic resonance spectroscopy after exposure to benign temperature,
heat stress, or cold stress. In both the absence and the presence of temperature stress, metabolite levels
were significantly different among inbred and outbred lines. The major effect of inbreeding was increased
levels of maltose and decreased levels of 3-hydroxykynurenine and a galactoside [1-O-(4-O-(2-aminoethyl
phosphate)-B-p-galactopyranosyl)-x-glycerol] synthesized exclusively in the paragonial glands of Drosoph-
ila species, including D. melanogaster. The metabolomic effect of inbreeding at the benign temperature was
related to gene expression data from the same inbred and outbred lines. Both gene expression and
metabolite data indicate that fundamental metabolic processes are changed or modified by inbreeding.
Apart from affecting mean metabolite levels, inbreeding led to an increased between-line variation in
metabolite profiles compared to outbred lines. In contrast to previous observations revealing interactions
between inbreeding and environmental stress on gene expression patterns and life-history traits, the effect

of inbreeding on the metabolite profile was similar across the different temperature treatments.

NBREEDING is characterized by an increase in homo-
zygosity resulting in increased expression of recessive
deleterious alleles (partial dominance hypothesis) and/
or reduced opportunity to express heterozygote superi-
ority (overdominance hypothesis) (CHARLESWORTH and
CHARLESWORTH 1999). The deleterious effects of in-
breeding, especially on fitness traits, are well known and
are of considerable concern in human genetics, animal
breeding, and conservation biology. Only fairly recently,
molecular and physiological investigations on the effects
ofinbreeding have been accomplished (KRISTENSEN et al.
2005a, 2006; PEDERSEN e¢f al. 2005). Results from these
studies indicate that an increase in homozygosity caused
by inbreeding has strong effects on gene expression and
that expression of specific proteins is differentially reg-
ulated in inbred relative to outbred control populations
across biological replicates. The directional changes
observed across independent inbred lines suggest that
differences between inbred and outbred control lines
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cannot be explained by genetic drift alone as drift would
lead to line-specific fixation of alleles. Hypothetically, the
molecular and biochemical changes caused by inbreed-
ing could be due to a general disturbance of cellular
homeostasis (LERNER 1954) or it could be due to more
specific changes targeted toward single proteins or path-
ways and regulatorysystems (BIRCHLER et al. 2005) . Empir-
ical studies on the effects of fixation of deleterious
mutations on protein instability and disturbance of pro-
cesses related to the protein quality control system have
the potential to reveal causative explanations for bio-
chemical changes induced by inbreeding (SANGSTER
et al. 2004; DEPRISTO et al. 2005). However, currently, our
knowledge within this field is limited.

The level of inbreeding depression is often enhanced
under harsh environmental conditions (ARMBRUSTER
and ReED 2005). Thus, research on the deleterious
consequences caused by inbreeding ideally should be
combined with studies on the response of inbred and
outbred control populations to suboptimal environ-
mental conditions.

Postgenomic technologies such as proteomics and
metabolomics might provide integrative approaches
needed to obtain an understanding of the physiological
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and biochemical effects of inbreeding and environmen-
tal stress. Metabolomics investigates whole biological
systems of low-molecular-weight metabolites. Changes
in the metabolite profile are downstream of transcrip-
tion, translation, protein level, and activity, thus pro-
viding a biochemical fingerprint of the integrated
response of an organism to internal or external stimuli.
Together with powerful multivariate statistical methods,
metabolite fingerprinting therefore provides a rapid
and nonbiased assessment of the metabolome, making
it an attractive analytical method for defining metabolic
phenotypes. This method has previously been success-
fully used to elucidate the responses to temperature
stress in Drosophila melanogaster (MALMENDAL et al. 2006;
OVERGAARD ¢t al. 2007).

This study presents results on metabolite profiles
in inbred and outbred control populations of male
D. melanogaster after exposure to benign temperature,
cold stress, or heat stress. Data on the metabolomic
effect of inbreeding at benign temperature have been
integrated with published data (KRISTENSEN et al. 2005a,
2006) on the effect of inbreeding on gene expression
patterns in the same inbred and outbred lines.

MATERIALS AND METHODS

Experimental flies and design: A genetically diverse popula-
tion was generated in 2002 by mixing populations of D.
melanogaster from different geographical regions (for further
details, see BupLiy and LoescHCKE 2005). Five inbred lines (11—
I5) with an expected inbreeding level of 0.67 were generated
through five generations of full-sib mating (for details on the
inbreeding procedure, see PEDERSEN et al. 2005). When the
inbred lines reached the desired inbreeding level, the popula-
tion size was flushed to ~1000 individuals over two generations
and held at this size for all following generations. The high
population size is expected to reduce further increase in the level
of inbreeding. Five outbred control populations (C1-C5) were
founded from the diverse mass population, each by ~1000
individuals at the time when the inbreeding procedure was
initiated. Flies from all lines were reared and maintained at
standard laboratory conditions (25° % 0.2°, 50% relative hu-
midity, 12/12 hr light/dark cycle). The experiments reported
here were performed in January 2007. All flies used in the
experiment were reared under controlled density (30 larvae/
vial) on 7 ml standard medium. Five replicates of 50 male flies
(4 = 0.5 days old) per line were exposed to three different
temperature regimes: benign temperature, heat stress, or cold
stress. For benign temperature and heat stress, flies were
exposed to 25° or 36° for 1 hr in vials in water baths. Flies were
stressed in empty vials and subsequently allowed to recover for
1 hr at 25° in vials containing medium at standard laboratory
conditions. Flies were exposed to cold stress in empty vials in a
water bath at 0° for 2 h followed by 7 h of recovery at 25° in vials
containing medium at standard laboratory conditions. After
recovery, all flies were transferred to 5-ml microtubes, frozen in
liquid nitrogen, and stored at —80°. All experiments were carried
outon the same day, and all samples were frozen at the same time
(%1 hr) in the afternoon. The temperatures used for cold- and
heatstress exposures were chosen on the basis of a pilot
experiment showing that these temperatures could be consid-
ered stressful, but nonlethal, for the flies (results not shown).

Sample preparation and nuclear magnetic resonance
measurements: Flies from each sample were mechanically
homogenized with a Kinematica, Pt 1200 (Buch & Holm A/S)
in 1 ml of ice-cold acetonitril (50%) and centrifuged for 30 min
(4°). The supernatant was transferred to new tubes, lyophilized,
and stored at —80°. Immediately before the nuclear magnetic
resonance (NMR) measurements were taken, samples were
rehydrated in 650 pl of 50 mm phosphate buffer (pH 7.4) in
DyO, and 600 pl was transferred to a 5-mm NMR tube. The
buffer contained 50 mg/liter of the chemical shift reference 3-
(trimethylsilyl)-propionic acid-D4, sodium salt (TSP). The
NMR measurements were performed at 25° on a Bruker
Avance-2 700 spectrometer (Bruker Biospin), operating ata 'H
frequency of 700.09 MHz, equipped with a 5-mm HCN triple
resonance probe. 'H NMR spectra were acquired using a
single-90°-pulse experiment with a Carr—Purcell-Meiboom-—
Gill (CPMG) delay added to attenuate broad signals from
high-molecular-weight components. The total CPMG delay
was 40 msec and the spin-echo delay was 200 psec. The water
signal was suppressed by presaturation of the water peak
during the relaxation delay of 1.5 sec. A total of 256 transients
0f 16,384 data points spanning a spectral width of 24 ppm were
collected, corresponding to a total experiment time of 10 min.
For assignment purposes, a two-dimensional 'H-"H TOCSY
(BRAUNSCHWEILER and ErRNsT 1983; Bax and Davis 1985)
spectrum with 80 msec mixing was acquired. To identify the
galactoside, additional NMR spectra were recorded. DQF-
COSY, NOESY, TOCSY, HSQC, and a HMBC with suppression
of one-bond correlations were recorded at 20° on a Bruker
Avance 800 instrument operating at a 'H frequency of 799.96
MHz, equipped with a 5-mm probe. Here the chemical shift
scale was calibrated to acetone for proton (2.22 ppm) and
carbon (30.89 ppm), giving a HDO signal at 4.82 ppm.

Data reduction/treatment: The spectra were processed
using iNMR (http:/www.inmr.net). An exponential line
broadening of 0.5 Hz was applied to the free-induction decay
prior to Fourier transformation. All spectra were referenced to
the TSP signal at —0.017 ppm, automatically phased, and
baseline corrected. Data reduction was accomplished by
dividing the spectrum into 0.005-ppm regions (bins) over
which the signal was integrated to obtain the signal intensity.
The region around the residual water signal (4.85-4.7 ppm)
was removed not to compromise the analysis. The high- and
low-field ends of the spectrum, where no signals except the
reference signal from TSP appear, were also removed (i.e.,
leaving data between 9.5 and 0.5 ppm). The integrals were
normalized to a total intensity of 1000 to suppress trivial
separation on the basis of variations in the amount of sample.

Principal component analysis (PCA) was carried out on data
sets including control and inbred flies at benign temperature
only; control and inbred flies at benign temperature and after
heatstress; control and inbred flies at benign temperature and
after cold stress; and on the full data set. The PCA was
performed using in-house R-scripts (the R project; http:/
www.r-project.org), based on a script generously provided by
Karl-Heinz Ott. Data were scaled using VAST scaling (Keunx
et al. 2003) to obtain, on average, unit variance within each line
at each temperature (i.e., each region/bin was divided by the
average standard deviation of the integral of that region within
all combinations of line and temperature) and then centered.
This scaling reduces the weight of variations that are not
related to the treatments; ¢.e., random variations between
“identical” samples are reduced, and the analysis is not biased
toward metabolites present at high concentrations. Initial PCA
identified one cold-stressed control sample as a significant
outlier due to traces of organic solvent. This sample was
excluded. The number of significant PCs was assessed by cross-
validation (WoLp 1978). The scores from the PCA including
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only samples treated at benign temperature were subjected to
one-way ANOVA for inbreeding or line, and those from PCA
including temperature-treated samples were subjected to two-
way ANOVA for inbreeding or line and high- or low-temperature
treatments using ranked Bonferroni correction for multiple
testing (significance level 0.01). Tests of line effects were per-
formed on control and inbred lines together and separately.
The effects of inbreeding on the between-line variance was
tested using a jackknifing procedure where mean values for
each line were calculated for all combinations with one or two
samples left out, and the between-line variances for the control
and inbred samples were calculated for all combinations of
these mean values. The groups with one or two samples left out
were treated separately. Significant effects were detected using
Wilcoxon tests (d.f. = 48). Generally, only metabolite effects at
a significance level of 0.01 are discussed. A dendogram was
created using hierarchical cluster analysis (HCA) with pro-
jection to latent structures (PLS) discriminant analysis (PLS-
DA) scores of VAST scaled data calculated using Simca-P 11.5
(Umetrics, Umea, Sweden) as input. The number of axes for
each PLS-DA model was determined by cross-validation. HCA
was then carried out using complete linkages in R (http:/
www.r-project.org) by using the Euclidean distance between
the PLS-DA scores for each treatment. Orthogonal projection
to latent structures (OPLS) discriminant analysis (OPLS-DA)
(BYLESJO et al. 2006) was carried out between control and
inbred flies on data sets including benign temperature, heat-
stressed flies, and cold-stressed flies to identify metabolites
responsive to inbreeding and between benign temperature
and heat- or cold-stressed flies on data sets including control
or inbred flies to identify metabolites responsive to heat or
cold stress. OPLS separates the variance in x correlated with y
(y predictive) with the orthogonal (noncorrelated, y orthogo-
nal) variance (TrRYGG and WoLp 2002). In contrast to regular
PLS, a single y will result in only one predictive component.
Data were scaled to obtain unit variance and then centered.
OPLS was performed using Simca-P 11.5 (Umetrics).

The metabolite signals were identified from a two-
dimensional 'H-"H TOCSY spectrum, from STOCSY spectra
(CroAREC et al. 2005), and by comparison with known meta-
bolite chemical shifts (FAN 1996; MALMENDAL et al. 2006;
OVERGAARD el al. 2007). The identities of maltose and 3-
hydroxykynurenine were verified by spiking with the pure
substance. The assignment of the signals of the galactoside
[1-O-(4-O-(2-aminoethyl phosphate)-B-pD-galactopyranosyl)-x-
glycerol] was based on the combination of DQF-COSY and
TOCSY spectra (see figure legend of supplemental Figure S1).

Integration of NMR and gene expression data: Gene
expression on the same lines was studied 40 generations
earlier using Affymetrix gene chips (for methods and results,
see KRISTENSEN et al. 2005a, 2006). Association of our
metabolomic data with transcriptomic data at benign temper-
ature (25°) was done using a modification of the method
suggested by RANTALAINEN et al. (2006). One of the five inbred
lines used for gene expression analysis went extinct before
samples were obtained for NMR measurements. Thus, NMR
and gene expression data used in the comparison of tran-
scriptome and metabolome effects were from five control and
four inbred lines. Concentrations of maltose, 3-hydroxykynur-
enine and the galactoside were correlated to gene expression
data using OPLS analysis of gene array data with the intensity
of the metabolite peaks as the y variable (maltose: 5.41-5.38
ppm; 3-hydroxykynurenine: 7.44-7.42, 7.03-7.015, 6.69-6.675
ppm; the galactoside: 4.48-4.46, 4.20-4.175 ppm). OPLS
scores for each line were correlated to line-specific variation
in gene expression (see flow diagram in supplemental Figure
S2). Genes that show a high correlation with OPLS scores for a
metabolite (R* > 0.6) and a higher correlation with OPLS

scores for that metabolite than with OPLS-DA scores for in-

breeding [I%PLs(gene-mmbome) >}{(2)PLS-DA(gene)} were assumed
to be genes correlated to that metabolite. The criteria chosen
are relatively stringent to avoid noise caused by intergenera-
tional variation. This method, as with all correlation ap-
proaches, does not necessarily detect causal correlations,
and it is not expected that all correlating genes are directly
involved in processes and pathways related to the specific
metabolites.

Lists of all genes observed to correlate to the specific
metabolites were subjected to gene enrichment analysis using
DAVID Functional Annotation Tool (DENNIS et al. 2003). A
gene enrichment analysis evaluates the probability of detect-
ing the observed number of genes within a category by
evaluating the proportion of observed genes in each gene list
belonging to a category uvs. the proportion of genes belonging
to that category out of all the genes in the background gene
list. The filtered data on gene expression were used as search
background in the gene enrichment analysis. Significant
groups within the gene-ontology themes “biological process,”
“molecular function,” and “cellular compartment” are repre-
sented in supplemental Tables S2-S4. In addition, lists of
either positively or negatively correlating genes subjected to
gene enrichment analysis and the gene-ontology theme “bi-
ological process” are listed in supplemental Tables S5-S7. In
the gene enrichment analysis, a high level of specificity was
chosen for the gene-ontology themes (level 4) and the criteria
for significance were (1) more than three genes within each
group and (2) an EASE score P-value <0.1. Complete lists of
genes correlating to the specific metabolites are in supple-
mental Tables S8-S10. The hierarchical construction of gene-
ontology themes allows genes to be present in several groups
(DENNIS et al. 2003).

RESULTS

Overall effects of inbreeding and temperature
stress: The relative similarities between the metabolo-
mic responses to inbreeding, temperature stress, or the
combination of the two were characterized by PCA
(Figure 1) and HCA on the full data set (Figure 2). Many
of the characteristics described by these analyses are
described in more detail in the following sections. The
two first principal components, PC1 and PC2, account
for 38 and 17% of the total variance within the entire
data set. These scores (Figure 1A) show that there are
significant effects of inbreeding and temperature
stress (P < 0.001, two-way ANOVA) for both PC1 and
PC2. The similarity in the response to inbreeding after
all temperature treatments indicates that the metabolite
differences between inbred and control lines are in-
dependent of temperature treatment. Additionally,
results presented in Figure 1A indicate that the response
to cold stress is the largest compared to the response to
heat stress and inbreeding. The between-line variance
for the inbred lines was higher than for the control lines
atall temperature treatments (P < 0.001, Wilcoxon test;
Figure 1B). According to the scores, the metabolite
profile of I1 is different from the other inbred lines (P <
0.01, two-way ANOVA) for both PCl and PC2). The
dendogram in Figure 2 shows that most of the control
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FiGure 1.—Score plots showing the average scores from
PCA on all NMR data where PC1 and PC2 account for 38
and 17% of the total variance. (A) The average scores for con-
trol and inbred lines after exposure to benign temperature,
cold stress, and heat stress. (B) The average scores after expo-
sure to cold, benign, and heat temperature treatment for in-
dividual lines. In A, black, blue, and red lines represent flies
treated at benign temperature, cold stress, and heat stress, re-
spectively, and arrows mark the direction of change from con-
trol to inbred flies. In B, black and gray lines and symbols
represent control and inbred lines, respectively. The lines
go from cold (left) to benign (middle) to heat (right) temper-
ature treated and the temperatures for the control are la-
beled. For both A and B, the error bars correspond to 1 SD.
In B, error bars are shown for only one representative control
and inbred line.

lines at benign temperature and heat stress form sep-
arate clusters while the inbred lines at benign temper-
ature and heat stress cluster line specifically, indicating
that inbreeding causes the major difference between
samples at benign temperatures and after exposure to
heatstress. Also here the I1 samples cluster closely to the
control samples. All cold-stressed control lines cluster
together while the cold-stressed inbred lines are scat-
tered throughout the dendogram, verifying a strong
interaction between line and cold stress in the inbred
lines (see below).

Effects of inbreeding at benign temperature: PCA
was performed on control and inbred samples at benign
temperature (i.e., 25° for 1 hr). Here, PC1 accounted for
34% of the variance in the samples and showed a
significant effect of inbreeding (Table 1). None of the
other six significant PCs showed effects of inbreeding

200
)

150
1

g
ic
%‘%_
i
o I
O
Ee 4 00
“NP“UEJU 00200 SRt
S O o i e )
_k_kN?’!%E’DPOP‘?)UOPP(J)&)QF@&D*M@OUWGD
rrNMOORORHhPVDOBEN® NI IO X ¥
o ;;Ummm“‘mﬁm‘\'ggmmmmm mmgo 53
OmmgtdwurdflTXacwlT T80
OOBOBOOC o *x ¥ x OO0

F1GURE 2.—Dendogram showing similarities between lines
at benign temperature and after heat and cold stress. Black,
blue, and red lines represent lines exposed to benign temper-
ature, cold stress, and heat stress, respectively. Inbred lines are
indicated by an asterisk. The length of the vertical axis is a
measure of the dissimilarities between clusters/groups of
samples.

(Table 1), but most (six) of the PCs showed a significant
effect of line when all inbred and control lines were
included (Table 1). The PCs showing a significant line
effect account for 77% of the total variance. Three and
four of the seven significant PCs (accounting for 63 and
70% of the total variance) showed a significant line
effect for the control and inbred lines, respectively. For
all significant PCs, except PC3, the between-line variance
was higher for the inbred lines (P < 0.0001, Wilcoxon
tests). Thus, the direct effect of inbreeding was a change
in the levels of specific metabolites (see below) and an
increased variability in metabolite levels between lines.
No detectable interaction between inbreeding and
temperature stress: To detect potential interactions
between inbreeding and temperature on the metabolite
profiles, PCAs were performed on inbred and control
samples exposed to benign temperature/heat stress and
benign temperature/cold stress and each PC was tested
for interactions by ANOVA (significance level 0.01). For
heat stress, none of the 14 significant PCs interacted
with inbreeding (data not shown). Nor were there any
interaction effects between heat stress and the individ-
ual lines (data not shown). For cold stress, none of the
15 significant PCs showed a significant interaction be-
tween cold stress and inbreeding (Table 2). Several types
of preprocessing before PCA were tested and the VAST
scaling used here showed some of the lowest Pvalues
for tests of interactions between inbreeding and tem-
perature stress. Potential interactions were thus not lost
due to the preprocessing of data. Four of the 15 signif-
icant PCs, accounting for 40% of the variance, showed a
significant interaction between cold stress and line
(Table 2). A significant interaction between cold stress
and line was seen within both control and inbred lines:
One and 3 of the 15 significant PCs (accounting for 2
and 38% of the total variance) showed a significant
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TABLE 1

PCA statistics for control and inbred flies at benign temperatures (25°)

R? (%) P’ (inbreeding): P’ (line)
PC Scaled data“ Original data All All Control Inbred
1 29.7 33.6 2.1 X 101 2.2 X 10716 1.8 X 10°* 1.7 X 107%
2 8.6 7.4 1.8 X 10! 2.4 X 10 5.6 X 102 6.4 X 107
3 8.3 11.8 6.7 X 107! 59 X 107! 8.4 X 107! 1.6 X 10!
4 6.8 27.0 4.3 X 107! 2.2 X 10716 3.2 X 107% 4.1 X 10~'¥
5 5.9 2.4 1.9 X 10* 2.2 X 1016 5.8 X 1078 3.6 X 101t
6 4.6 3.8 6.3 X 107! 1.6 X 1073 1.0 X 107! 9.2 X 10°°
7 3.4 3.3 3.7 X 107! 6.3 X 10°* 1.0 X 10! 6.0 X 1073

Explained variation (R?) and results from ANOVAs are presented. The effect of line was tested for all lines

and for control and inbred lines separately. The seven significant PCs are shown.

“Scaled data used in PCA.

*The Pvalues shown are not corrected for multiple testing.
“Significance (P = 0.01) using ranked Bonferroni correction (n = 7).

interaction between line and cold stress in control and
inbred lines, respectively (Table 2). To further test for
an interaction between inbreeding and temperature
stress, OPLS-DA was performed separately between con-
trol and inbred flies for the samples treated at benign
temperature, heat stress, and cold stress. The regression
coefficients for the temperature-stressed flies show a
high correlation with the regression coefficients for the
control flies (R? = 0.92 for heat- and cold-stressed flies;
data not shown). This confirms that the metabolomic
effect of inbreeding is similar at benign and stressful
temperatures.

Identification of metabolites associated with in-
breeding: Because the metabolomic effect of inbreed-
ing is similar across temperatures, the most prominent
effects of inbreeding were identified using the average
OPLS-DA output from the three temperature treatments.
The highest correlations (R* > 0.5) were obtained for
increased levels of maltose and decreased levels of
3-hydroxykynurenine and 1-O-(4-O-(2-aminoethyl phos-
phate)-B-p-galactopyranosyl)-x-glycerol in the inbred
lines (Figure 3). The latter is a galactoside synthesized

exclusively in the accessory glands in males of some
Drosophila species (CHEN e/ al. 1977). Additional un-
assigned signals with high correlations (R* > 0.5) were
found at 6.79, 5.34, 3.13, 2.84, and 1.92 ppm (Figure
3). Line-specific relative concentrations of maltose,
3-hydroxykynurenine, and the galactoside at benign
temperature and after exposure to temperature stress
are shown in Figure 4. A significant effect of the breed-
ing regime for concentrations of all three metabolites
was observed (P < 0.0001, one-way ANOVA), Figure 4).

Identification of metabolites associated with heat
and cold stress: The most prominent effects of temper-
ature stress were identified using the OPLS-DA outputs
for control and inbred lines. The outputs from inbred
and control lines were generally similar, with the ex-
ception that lower correlations were observed for the
inbred lines relative to the control lines. The control
lines were therefore used for further analysis of metab-
olites associated with temperature stress. For heat stress,
the highest correlations (R* > 0.5) were obtained for
increased levels of tyrosine, glutamate, glutamine,
valine, and isoleucine and for decreased levels of sev-

TABLE 2

PCA statistics for control and inbred flies at benign temperature and after exposure to cold stress

R? (%) P’ (inbreeding X treatment): P’ (line X treatment)
PC  Scaled data® Original data All All Control Inbred
1 44.2 36.3 4.6 X 10°? 6.6 X 107 9.6 X 102 1.3 X 10°*
8 2.1 2.0 58 X 10! 9.6 X 107* 6.4 X 107* 4.6 X 107!
9 1.8 1.6 41 X 107! 34 X107 41 X102 34X 10"
12 1.2 0.6 35 X 10 1.4 X107 15X 107" 84 X 10"

Explained variation and ANOVA results for the effect of temperature treatment and inbreeding or line are
shown. Only PCs showing significant changes in interaction terms are presented.

“Scaled data used in PCA.

* Pvalues shown are not corrected for multiple testing.

“Significance (P = 0.01) using ranked Bonferroni correction (n = 15).
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F1GURE 3.—OPLS-DA regression coefficients between in-
bred and control samples. Signals above the horizontal line
represent metabolites that are present at higher concentra-
tions in the inbred samples, and signals below the horizontal
line represent metabolites that are present at lower concentra-
tions in the inbred samples. To minimize noise, the averages
from the benign and two temperature-stressed conditions
were used. Solid peaks have a predictive OPLS coefficient
(R?) >0.5 and therefore are the most important in discrimi-
nating between inbred and control samples. Intensities are
scaled as 1/+/|I] where I is the intensity. Signals from maltose,
3-hydroxykynurenine, and the galactoside are labeled. Unas-
signed signals with R? >0.5 are marked with an asterisk.

eral sugars. For cold stress, the highest correlations
(R? > 0.5) were obtained for increased levels of maltose,
glucose, and trehalose and for decreased levels of
NAD", B-alanine, fatty acid methyl groups, 3-hydrox-
ykynurenine, and the galactoside. These changes are
in agreement with previous results (MALMENDAL et al.
2006; OVERGAARD ¢t al. 2007), except identification of
the galactoside, which is not expected to be detected in
the female flies used in the previous studies.
Correlation of NMR and gene array data: The
concentrations of the three metabolites that show the
highest correlation with inbreeding were correlated to
gene expression data published in KRISTENSEN et al.
(2005a, 2006). Integration of transcriptomic and me-
tabolomic data was performed only for flies exposed
to benign temperature. A Venn diagram showing the
distribution of the genes correlating with maltose, 3-
hydroxykynurenine, and the galactoside is shown in
supplemental Figure S3. Within the list of genes cor-
relating to maltose several gene-ontology themes are
significantly overrepresented. Among those are pro-
cesses related to “cellular carbohydrate metabolic pro-
cess” represented by 13 genes (supplemental Table S2).
Other overrepresented processes are “larval feeding
behavior,” “cellular respiration,” and “coenzyme met-
abolic process.” Genes related to the mitochondria and
other organelle membranes were also overrepresented
within the list of genes correlating to maltose (supple-
mental Table S2). When only negatively correlated
genes were subjected to gene enrichment analysis,
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Ficure 4.—Relative concentrations of (A) maltose, (B) 3-
hydroxykynurenine, and (C) the galactoside for the different
lines at different temperature treatments. Black and gray lines
represent control and inbred lines, respectively. The concen-
tration scale was normalized relative to the average concentra-
tion for the control lines treated at 25°. Error bars for each
data point are not shown, but the average standard deviations
for control and inbred lines are indicated.

significant biological processes are, for example, the
“cellular carbohydrate metabolic process,” the “carbo-
hydrate catabolic process,” and the “monosaccharide
metabolic process” (supplemental Table S5). The heat-
shock protein 60 and two genes related to degradation of
misfolded or incomplete synthesized endoplasmic re-
ticulum proteins (Hsp60D, septin-interacting protein 3,
Derlin-1) were observed to be positively correlated to
variation in maltose (supplemental Table S8).

Genes correlated to 3-hydroxykynurenine are re-
lated mainly to metabolic processes involving nitrogen-
containing compounds (e.g., the “amine biosynthetic
process,” the “nitrogen compound biosynthetic process,”
the “nucleobase metabolic process,” and the “nucleotide
biosynthetic process”). No significant gene-ontology
themes were found within the list of genes positively
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correlated to 3-hydroxykynurenine. The majority of genes
related to processes involving nitrogen-containing com-
pounds are negatively correlated with 3-hydroxykynurenine,
indicating that these genes are upregulated in inbred lines.
Genes previously shown to be related to processes involv-
ing 3-hydroxykynurenine (Rosy, Dorothy; RrAL and
FERRE 1990) are found to correlate to 3-hydroxykynur-
enine (supplemental Table S9). Four genes correlating to
3-hydroxykynurenine are related to DNA replication and
repair mechanisms (CG7769, Okra, DNA-replication-
related element factor, structure-specific recognition
protein). All four genes are negatively correlated to var-
iation in 3-hydroxykynurenine (supplemental Table S9).
Selenide, water dikinase, was found to be negatively corre-
lated to 3-hydroxykynurenine (supplemental Table S9).

The galactoside correlates with genes that are related
to amine and nitrogen compound biosynthetic pro-
cesses. Furthermore, genes involved in meiosis were
found to be overrepresented and negatively correlated
tovariation in the galactoside. Genes related to telomere
maintenance and splicing (telomere fusion, splicing
factor 1) were also correlated to variation in the galacto-
side (supplemental Table S10). The gene Takeout,
which is known to be associated with male courtship
behavior, was positively correlated with the galactoside
(supplemental Table S10). The gene Thor, which is asso-
ciated with diverse processes such as response to oxi-
dative stress, defense response, immune response, and
life span, was negatively correlated to the galactoside
(supplemental Table S10).

DISCUSSION

The data presented here show that inbreeding
strongly affects the metabolome. Both the mean level
of specific metabolites and the variability of the metab-
olite profiles were different in inbred flies relative to
flies from the control breeding regime (Figures 1 and
4, Table 1). The three metabolites that showed the
highest correlation (R* > 0.5) with the general effect
of inbreeding were maltose, 3-hydroxykynurenine, and
1-O-(4-O-(2-aminoethyl phosphate)-3-p-galactopyranosyl)-
xglycerol, a galactoside specific to Drosophila males.

Maltose: Maltose was found in higher concentrations
in inbred lines (Figure 4A). Maltose is a disaccharide
formed by hydrolysis of starch and can be further
hydrolyzed to glucose. Different scenarios that result
in accumulation of maltose can be suggested. Either
hydrolysis of starch is increased or hydrolysis of maltose
is decreased. Adult D. melanogaster have been shown to
use starch as an energy resource and induction of starch
metabolism has been linked to stimulation of growth
and fitness (YAMAzAKI and MaTsuo 1984; FujimoTo
et al. 1999). A shortage of glucose has been shown to
induce genes required for the use of maltose as an
energy source (Hu et al. 2000). However, decreased

levels of glucose in inbred flies were not observed.
Associating metabolomic and gene expression data
showed that a group of genes related to carbohydrate
metabolic processes was found to be negatively corre-
lated to maltose, indicating an upregulation in response
to inbreeding (e.g., glycogen phosphorylase, phospho-
glycerate kinase, enolase, trehalose-6-phosphate syn-
thase). However, amylase and maltase, which are known
to be involved in the regulation of maltose, were not
observed to correlate with maltose in this experiment,
indicating that the higher level of maltose observed
in inbred lines may be regulated by alternative pro-
cesses. Genes related to larval feeding behavior and
cellular respiration correlated to maltose, indicating
that inbreeding may affect energy metabolism and thus
affect behavior related to feeding. Knowledge is accu-
mulating that signifies that individuals with increased
levels of homozygosity do have an altered metabolism,
supporting the results found here (MITTON et al. 1986;
MYRAND et al. 2002). Genes associated with carbohy-
drate metabolism were also identified as differentially
expressed in inbred and control lines in the gene ex-
pression study (KRISTENSEN et al. 2005a, 2006). Six of
these genes (Black, CG1140, Lethal (1) G0334, CG10932,
NAD-dependent methylene-tetrahydrofolate dehydro-
genase, Pugilist) are found to correlate with variation in
maltose.

Maltose also plays an important role in relation to
coping with temperature stress where its role is to pro-
tect the function of proteins and membranes (KAPLAN
and Guy 2004; PErReiRA and HUNENBERGER 2006).
Increased maltose levels have been measured in re-
sponse to rapid cold hardening and cold shock in
D. melanogaster (OVERGAARD et al. 2007), and this was
also observed in this study. Accumulation of maltose has
also been demonstrated in response to heat and cold
exposure due to a stress-induced increase of amylase
activity (KApLAN and Guy 2004). Specifically, membrane-
associated processes are suggested to benefit from the
protective role of maltose (KapLAN and Guy 2004). An
overrepresentation of genes correlating with maltose
was associated with the mitochondria and other organ-
elle membranes. General membrane and mitochondrial
functions may be especially vulnerable to inbreeding,
and higher levels of maltose in inbred lines may be
required to protect these functions.

Interactions between maltose and molecular chaper-
ones such as the heatshock protein hsp90 have been
observed (BALI et al. 2003), and a maltose-binding pro-
tein has been suggested as having chaperone proper-
ties, interacting with unfolded and denatured proteins
(RicHARME and CarLpas 1997). The maltose-binding
protein is hypothesized to act as a chaperone buffer
preventing aggregation of unfolded proteins, suggest-
ing that maltose may be associated with the protein
quality control system and protein homeostasis. This
indicates that processes associated with protein folding
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and degradation may be disturbed in inbred individuals.
Fixation of deleterious mutant alleles due to inbreed-
ing may cause decreased protein stability, resulting in
increased unfolding and non-native conformational
changes potentially resulting in protein aggregation,
which is known to be harmful for cellular functions
(SANGSTER et al. 2004; DEPRISTO et al. 2005). Increased
levels of maltose in inbred flies could help these
unstable proteins to preserve their functions. Hsp60,
which is involved in mitochondrial “de novo” protein
folding and protein targeting to mitochondria, was
found to be positively correlated with maltose variation.
As a directinteraction between maltose and Hsp60 have
not been reported, it is more plausible that a correla-
tion between Hsp60 and maltose is due to both being
induced by disturbance of protein homeostasis. The
correlation with gene expression data showed that two
genes associated with degradation of the endoplasmic
reticulum (ER) proteins were positively correlated to
maltose, indicating a role for maltose also in processes
related to degradation of ER proteins. Overall, our data
suggest a role for maltose in processes involved in
protection, degradation, and folding of proteins and
that these processes are upregulated in inbred lines.
Previous results showing higher levels of Hsp70 in
inbred populations (KRISTENSEN et al. 2002; PEDERSEN
et al. 2005; CHENG et al. 2006) corroborate that in-
breeding may influence protein homeostasis.
3-hydroxykynurenine: The metabolite 3-hydroxyky-
nurenine was found at lower levels in inbred relative
to control flies. Decreased 3-hydroxykynurenine levels
in response to cold shock were found previously
(OVERGAARD et al. 2007) and in this study. Genes cor-
relating to 3-hydroxykynurenine were related mainly to
processes involving nitrogen-containing compounds.
Nitrogen-containing compounds are essential, as they
provide components of the nucleic acids, DNA and
RNA, and the energy currency of the cell, ATP. Hydroxy-
kynurenine is an intermediate of tryptophan catabolism
and this pathway was shown by KRISTENSEN et al. (2006)
to be differentially expressed between inbred and con-
trol lines at the gene expression level with most genes
in the pathway being upregulated in inbred flies (such
as CG9629 and glutamate oxaloacetate transaminase
2). Tryptophan catabolism has been suggested to be
involved in aging, oxidative stress, and synthesis of
brown-eye pigmentation in Drosophila (OkubpA et al.
1998; SAvvATEEVA-POPOVA et al. 2003; SAs et al. 2007).
Reactive oxygen species (ROS) are known to be easily
formed from oxidation of 3-hydroxykynurenine result-
ing in oxidative stress (OKUDA el al. 1998; HAN et al.
2007). ROS can damage important cell structures such
as DNA, proteins, and lipids (OKUDA et al. 1998; LANDIS
et al. 2004). Preventing accumulation of 3-hydroxyky-
nurenine is essential to minimize ROS production,
suggesting that this is an adaptive response in inbred
lines for avoiding oxidative stress. Genes associated with

DNA repair and oxidative stress were observed to be
negatively correlated with 3-hydroxykynurenine, indi-
cating an upregulation of these genes in response to
inbreeding. Selenide, water dikinase, which is associ-
ated with sensitivity to oxidative stress (MOREY el al.
2003) and involved in production of selenoproteins that
may act as cellular antioxidants, was also negatively
correlated to 3-hydroxykynurenine. The observation
that genes related to methyltransferase activity correlate
to 3-hydroxykynurenine is interesting because methyla-
tion patterns are known to be important for DNA
protection and gene regulation. The existence of DNA
methylation in D. melanogaster has been debated; how-
ever, methylation of DNA is now known to occur in D.
melanogaster (LYKO et al. 2000). Overall, our data in-
dicate either that inbred individuals are oxidatively
stressed or that the effect of inbreeding bears similari-
ties to responses to oxidative stress (LANDIS et al. 2004;
KRISTENSEN et al. 2005a). However, the mechanistic
relation between inbreeding and oxidative stress obvi-
ously requires further studies.

The galactoside: The Drosophila-specific galactoside
[1-O-(4-O-(2-aminoethyl phosphate)-3-p-galactopyrano-
syl)-x-glycerol] detected at lower concentrations in
inbred flies is synthesized and believed to accumulate
exclusively in the accessory glands in males of some
Drosophila species, including D. melanogaster (CHEN
et al. 1977). It is transferred from male to female flies
in the seminal fluid during copulation (CHEN et al. 1977;
CHEN 1984). Variation in the galactoside was found to
correlate with genes involved in meiosis and a gene
involved in male courtship behavior (e.g., Mei-218,
Takeout). Additionally, genes associated with telomere
maintenance and splicing correlate with the variation in
the galactoside. The gene Thor, which is related to
defense response, immune response, oxidative stress,
and life span, was negatively correlated to the galacto-
side, indicating an upregulation in the inbred lines.
Thor is thought of as a general stress-responsive gene, as
are the majority of heat-shock proteins; this indicates
that inbreeding may induce general stress-responsive
mechanisms. Knowledge is scarce on the biochemical
function of this galactoside. It was originally suggested
to be the major agent for elevation of oviposition and
repression of sexual receptivity in females following
copulation (CHEN et al. 1977). Even if it has now been
shown that the major role is played by the so-called sex
peptide (CHEN et al. 1988; Liu and KusLi 2003), lower
concentrations of the galactoside and similar agents in
inbred flies might have a negative effect on reproduc-
tion, which is a trait normally suffering from inbreeding
depression. It is of interest in this context that a
proteome analysis of the same inbred and control lines
revealed lower levels of accessory gland proteins related
to male mating success (K. S. PEDERSEN, M. C. CODREA, E.
BENDIXEN, P. BERG, T. N. KRISTENSEN and V. LOESCHCKE,
unpublished results). The observation of lower levels in
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inbred lines of agents related to reproductive fitness is
extremely interesting in relation to finding candidate
genes and identifying processes particularly vulnerable
to inbreeding. Interestingly, a decreased level of the
galactoside in response to cold stress was also observed
in this study.

Common stress responses: The finding that all three
metabolites that showed the highest correlation with
inbreeding correlate strongly and in the same direction
also with cold stress (maltose concentrations were higher,
whereas 3-hydroxykynurenine and the galactoside con-
centrations were lower in both inbred and cold-stressed
flies) suggests that the consequences of the distinct types
of stress elicit similar stress responses. It has previously
been shown that intrinsic stresses such as inbreeding,
aging, and oxidative stress lead to a larger-than-expected
overlap of genes being differentially expressed in all
three groups (KRISTENSEN et al. 2005a). This study shows
that different stresses also may induce common responses
at the metabolomic level.

Between-line variability: Another important general
finding of this study is the increased between-line
variation in metabolite profiles in inbred relative to
control flies. The additive genetic variance between
lines is expected to increase with inbreeding (FALCONER
and MAckAY 1996). Assuming other genetic and envi-
ronmental variance components to be unaffected by
inbreeding, it is expected that the phenotypic variance
between lines/populations will behave in a similar man-
ner. On the basis of these assumptions the observed
increase in between-line variance of the metabolite
profiles confirms the expectations and emphasizes the
variable nature of inbreeding on this biological level.
Within-gene variation of gene expression (KRISTENSEN
et al. 2005a, 2006) and genetic variance components of
a neutral quantitative morphological character (sterno-
pleural bristles, KRISTENSEN et al. 2005b) have previously
been estimated in the same lines as used in this study.
Also at these levels inbreeding results in an increased
between-line variance. All together, the data support, at
several biological levels, that inbreeding results in in-
creased phenotypic variance between lines. However,
despite the observed increase in between-line variance,
our results show general responses to inbreeding across
independent biological replicates at the metabolite and
transcriptomic levels (KRISTENSEN ef al. 2005a, 2006).

No observed interaction between inbreeding and
environmental stress: In contrast to other studies of
inbreeding and its consequences at the phenotypic
level, we did not observe strong interactions between
inbreeding and the environment (different temper-
atures) on the metabolome. The metabolite fingerprint
of inbreeding was stable across the three temperature
conditions investigated. The explanation for the dif-
ferences in inbreeding-by-environment interactions at
different biological levels is not known. However, one
reason for the lack of interactions observed here could be

that the dominating metabolite responses to inbreeding
and temperature stresses occur in different cell or tissue
types, which do not show any interaction at the metab-
olite level, and because our samples are pools of whole
flies, we are not able to separate these different metab-
olomic responses. Another reason for the lack of inter-
actions could also be that genetic drift, purging, and
accumulation of mutations have altered the genetic
makeup of the investigated lines since the gene expres-
sion study was performed. However, the inbred and
control lines were investigated for effects of interactions
between inbreeding and temperature stress on the life-
history trait “egg-to-adult viability” at approximately the
same time as our metabolomic study was performed. This
study showed clear-cut evidence for inbreeding depression
being temperature dependent (KRISTENSEN e/ al. 2008).

Interactions between line and cold stress were ob-
served, while no significant interaction effects were
detected between line and heat stress. Indeed, the
metabolomic responses to heat and cold stress are
different in composition and timescale (MALMENDAL
et al. 2006; OVERGAARD el al. 2007). The cold stress
applied in this study was more severe than the heat
stress: flies were knocked out during cold stress, which
was not the case with the heatstress treatment. More-
over, cold stress has previously been shown to affect
metabolite processes more strongly than heat stress
(MALMENDAL et al. 2006; OVERGAARD ef al. 2007). This
may explain why significant interactions between line
and temperature were observed for exposure to cold
stress but not to heat stress.

Conclusion: Overall, the metabolite fingerprints of
inbred and control flies were clearly distinguishable.
Maltose, 3-hydroxykynurenine, and a galactoside spe-
cific to male Drosophila were the metabolites that
showed the highest correlation with the metabolomic
effect of inbreeding. Inbred lines had increased levels of
maltose and decreased levels of 3-hydroxykynurenine
and the galactoside. Integration of information across
multi-“omic” technologies has the potential to broaden
the limited window provided by individual technologies,
thus enhancing the understanding of the biological
systems. The approach used in this study to associate
metabolite and gene expression levels is suggested to be
generally applicable to integrating multivariate data
from different “omic” technologies (RANTALAINEN ef al.
2006). In spite of the 40 generations separating the
transcriptomic and metabolomic data, the attempts to
integrate data from different biological levels revealed
several new and interesting advances in understanding
consequences of inbreeding. In summary, we speculate
that processes related to basic metabolism and protein
homeostasis (degradation and folding), and especially
processes associated with membrane functions, are
distorted in inbred flies and that inbreeding may
influence processes also known to be induced in re-
sponse to oxidative stress. Metabolite profiles were
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found to vary more between inbred relative to between
control lines, confirming other empirical results. Con-
trary to most other studies investigating inbreeding-by-
environment interactions, we found no interaction
between inbreeding and temperature on the metabo-
lome. In conclusion, the NMR technique used in this
study proved to be efficient in distinguishing between
different breeding regimes (inbred and control) and in
identifying between-line variation. NMR technologies
particularly benefit from the fact that prior information
on the genome is not a necessity for obtaining useful
results. We advocate that the method may have applica-
tions in fields where it is not usually used, such as
environmental stress research, population genetics, and
evolutionary research.
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