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Abstract The stresses that animals experience as a result of modification of their ecological circumstances induce physiological changes that leave a signature in profiles of gene expression. We illustrate this concept in a comparison of free range and confined North American red wolves (Canis rufus). Transcription profiling of peripheral blood samples from 13 red wolf individuals in the Alligator River region of North Carolina revealed a strong signal of differentiation. Four hundred eighty-two out of 2980 transcripts detected on Illumina HumanRef8 oligonucleotide bead arrays were found to differentiate free range and confined wolves at a false discovery rate of 12.8% and P < 0.05. Over-representation of genes in focal adhesion, insulin signalling, proteasomal, and tryptophan metabolism pathways suggests the activation of pro-inflammatory and stress responses in confined animals. Consequently, characterization of differential transcript abundance in an accessible tissue such as peripheral blood identifies biomarkers that could be useful in animal management practices and for evaluating the impact of habitat changes on population health, particularly as attention turns to the impact of climate change on physiology and in turn species distributions. Keywords: conservation genetics, heterologous microarray, Illumina, pro-inflammatory response Received 16 November 2007; revision accepted 12 March 2008



Introduction Genome-wide transcription profiling provides a novel approach to the detection of biomarkers for physiological status in mammals. Transcript abundance markers may be useful, for example, in categorizing levels of immunological suppression or activation in response to parasitization or infection, for identifying individuals that are experiencing unusual levels of stress, and for characterizing the health of populations during habitat disruption. For each of these applications, a relatively noninvasive and benign sampling strategy is needed. Peripheral blood is ideal, both because it is accessible and because the diverse mixture of monocytes are directly involved in immunity. Biomarker levels in whole organisms have been widely considered for monitoring of community health, most Correspondence: Greg Gibson, School of Integrative Biology, University of Queensland, St Lucia Campus, Brisbane, Qld 4072, Australia. Fax: +61 (7) 3365 1655; E-mail: [email protected]



notably with invertebrate and aquatic organisms (Shugart & McCarthy 1990; Attrill & Depledge 1997). Heat shock proteins, specific cytochrome P450s, and metallothionein levels are commonly used as indicators of the presence of environmental pollutants and toxins (Hoffmann & Parsons 1993; Sanders 1993; Monserrat et al. 2007), while other genetic markers are proposed to track global climate change (Umina et al. 2005). Genome-wide methods for contrasting transcript levels have enormous potential not just for finding novel markers (Snell et al. 2003) but also for characterizing the general plasticity of physiological responses (Gibson 2006; Giger et al. 2006; Matzkin et al. 2006). Before such strategies can be applied generally to vertebrate studies, it is essential to define the range of genetic and environmental effects on peripheral blood leukocyte gene expression (Whitehead & Crawford 2005). The North American red wolf (Canis rufus) once roamed much of eastern North America, but in the early 20th century their numbers declined due to habitat destruction, health © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd



L I F E S T Y L E A N D G E N E E X P R E S S I O N 2783 Table 1 Biological information for each wolf including current status and average variance of the four technical replicates Wolf ID



Sex



Age



Birth site



Current status



Average variance*



10537 11273 11274 11275 10632



M M F F M



12.5 1.5 1.5 1.5 11.5



Confined Confined Confined Confined Confined



0.84 0.81 0.72 0.89 0.69



10406 11136 11105 11148 11080 11270 11206 11310 20288



M M M F M F M M F



14.5 4.5 6 4.5 6 5 3 1 Unknown



Confined Wild Wild Wild Wild Wild Wild Wild Wild



Confined since 1994, unknown before Permanent confinement Permanent confinement Permanent confinement Confined, free-ranging from 4–10 months of age Permanent captivity Free-ranging Free-ranging Free-ranging Free-ranging Free-ranging Free-ranging Free-ranging Coyote free-ranging



0.72 0.58 0.97 0.71 0.97 0.90 0.94 0.91 0.97



*Average variance of expression profile for all expressed transcripts in the four technical replicates of each wolf.



decline, and eradication programs (Cohn 1987). Conservation efforts aimed at saving the red wolf began in the 1973, seven years before they were officially considered extinct in the wild (McCarley 1962; US Fish and Wildlife Service 1994; Nowak et al. 1995). As part of these efforts, captive breeding programs were set up in various parts of the USA, and reintroduction efforts, including one in the Alligator River region of eastern North Carolina where wolves have been re-introduced to the wild since 1986 (US Fish and Wildlife Service 1986; Parker & Phillips 1991). Recovery efforts for the red wolf include a captive breeding population and extensive health monitoring of the free-ranging population. Previous studies have demonstrated that physiological markers such as cortisol levels can be used to monitor physiological stress, in captive relative to free-range African green monkeys, chimpanzees, and cheetahs, as well as functional immunosupression in captive African green monkeys (Suleman et al. 1999, 2004; Whitten et al. 1998; Terio et al. 2004). Here we demonstrate that whole genome expression profiling can be used to provide insight into the physiological differences between confined wolves and free-range wolves, and show that alteration of specific stress-response pathways is characteristic of the specific habitats.



Materials and methods Microarray platform Gene expression profiling was performed using Illumina’s HumanRef8 Sentrix bead array platform, which contains 24 354 long (50 mer) oligonucleotide probes representing © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd



well-annotated human genes. The full content of the platform is accessible under the Gene Expression Omnibus Accession no. GPL2700. This is a heterologous platform for red wolf comparisons, and given the divergence of red wolf to human, we expected and observed a large number of genes to hybridize poorly to the array, limiting the analysis to genes that are more conserved between humans and wolves. We chose the Illumina platform over the canine (Canis domesticus) short oligonucleotide array available from Affymetrix (Higgins et al. 2003) because the lower cost afforded replication. Since approximately 40% of the probes on the Affymetrix array are human-derived, there is no guarantee that they accurately represent red wolf (Canis rufus) expression. Heterologous hybridization between species as genetically close as human and chimpanzee has been shown to affect inference of differential expression, as the effects of sequence polymorphism are not necessarily linear and therefore may not be accounted for in commonly used statistical models (Ji et al. 2004; Gilad et al. 2005).



Sample collection and microarray experiment Whole blood samples (3 mL) were collected from 13 red wolves (four females and nine males) and one free-range female coyote (Table 1), immediately mixed with RNAlater at a volume of 3–1 and then subsequently stored at –20 °C. Total RNA was extracted using Ambion’s Ribopure blood kit, yielding on average ~27 µg of total RNA. Seven hundred nanograms of biotin-labelled cRNA, derived from extracted total RNA using Ambion’s Illumina RNA amplification kit (I1755), was used in four separate hybridizations onto Illumina HumanRef-8 Sentrix gene chips (BD-25–201), yielding four technical replicates for each sample. Slides



2784 E . K E N N E R LY E T A L . were washed and labelled with streptavidin-Cy3, then scanned using an Illumina Beadarray scanner, and spot fluorescent intensities were extracted using the Illumina beadstudio software (version 1.5.0.34). The raw microarray data can be accessed through the Gene Expression Omnibus under Accession no. GSE8020 at http://www.ncbi.nlm.nih. gov/geo.



Pedigree analysis Most animals in the study share a common ancestor within four generations. Pedigree data for all wolves in this study are available from the study records and extend over eight generations. It was converted into tabular format and imported into the jmp Genomics software package. sas proc inbreed was used to calculate the inbreeding coefficients for each wolf, except for one divergent wolf (identifier 11080) and the coyote (identifier 20288). These coefficients were used as a part of the mixed model used to analyze the data in order to account for genetic relatedness, essentially following Yu et al. (2006). A kinship matrix of these values was created and used to generate the profile of relatedness in Fig. 2, which conforms to the topology inferred from visual inspection of the pedigree. For the estimate of the contribution of genetic relatedness to overall gene expression variance, a principal component (PC) analysis was performed on the expression measurements for all expressed genes on all arrays. PC1 through PC4 explain 67.5% of the variance, and were each subsequently modelled as a function of habitat, genetic relatedness, sex, wolf, and sex-by-habitat interaction, where genetic relatedness is represented as the 12 columns of Cholesky coefficients from the kinship matrix (see below). The principal components application in jmp Genomics allows estimation of the contribution of each variable to the variance in the gene expression captured by each PC, assuming that each variable is a random effect. No contribution of the sex-by-habitat interaction was observed. Figure 3 shows the estimated contributions for each of the first four PC, as well as the average contributions weighted by the percent variance explained by each PC.



Mixed model analysis Statistical data analysis was performed in jmp Genomics software, which makes use of various sas procedures in specific data steps. Intensity measurements for each gene were derived from (on average) 30 beads per gene. This average exported from beadstudio software was log base 2 transformed (log2I) and then median-centred by subtracting the median log2I from the log2I for each array to yield the relative fluorescent intensity values (log2RFI). By plotting the average log2RFI for each gene across all the arrays according to rank of fluorescent intensity, a



sigmoidal curve is obtained with a long plateau containing almost 80% of the probes. This level corresponds to background expression. Approximately 12% of the probes (2980 out of 24 354) were above the inflection point of this curve, namely with an average log2RFI of 7.732 or greater, and were deemed to be expressed. Only these were included in subsequent analyses. The remainder are presumed to represent nonexpressed genes or genes that have diverged in sequence too greatly to cross-hybridize to the humanbased probes. In addition to the median-centred normalization reported here, four other normalization procedures were performed side by side, an analysis that is greatly facilitated using the jmp Genomics platform. First, a standard normalization routine was used in which the log2I data were mean-centred and the standard deviation was subtracted from the log2I values. This approach yielded differential expression estimates very similar to those obtained with the mediancentred approach. anova normalization, a partial least squares normalization, and Loess normalization approaches were all deemed unsuitable for this particular experiment due to over-fitting of noise. These methods were applied to both the full data set and the top 12% of probes selected with very comparable results. Differential expression between confined and free-ranging animals was assessed by mixed model analysis of variance. The following model was fit separately to data from each gene log2RFI jklm = µ + Habitatj + Sexk + Habitat*Sexjk + (Wolf)jkl + Errorjklm Habitat and Sex were considered fixed effects with the jth treatment (j = free range or confined) and the kth sex (k = male or female), whereas the lth wolf is a random effect nested within treatment and sex. The Error is assumed to be normally distributed with a mean of zero. We also ran the following model to account for the genetic effects due to relatedness among the individuals: log2RFI jklmn = µ + Habitatj + Sexk + Genetic Relatednessn + Habitat*Genetic Relatednessjn + Habitat*Sexjk + Wolfjkl + Errorjklm Genetic Relatedness models a polygenic random effect, and is equivalent to the Zu vector term in the model of Yu et al. (2006). The variance of this random effect is assumed to be 2KVg, where K is the known n × n matrix of relative kinship coefficients that define the degree of genetic covariance between a pair of individuals (determined from their pedigree using sas proc inbreed), and Vg is an unknown variance component estimated from the data. We fit this term by first computing the Cholesky root (a kind of matrix square root) of 2K and then using the Cholesky coefficients as the Z matrix, while assuming u is a vector of independent © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd



L I F E S T Y L E A N D G E N E E X P R E S S I O N 2785 Table 2 Accession numbers for Canine Orthologues used for Quantitative PCR



Gene name



Symbol



Illumina target ID



Human GenBank Accession no.



Canine GenBank Accession no.



Catenin (cadherin-associated protein), beta 1



CTNNB1



GI_40254459-S



NM_001904



XM_855875



Mitogen-activated protein kinase 1 Actin, beta Gamma-aminobutyric acid A receptor, epsilon (GABRE)



MAPK1 ACTIN GABRE



GI_20986528-I GI_5016088-S GI_12707557-I



NM_002745 NM_001101 NM_021990



XM_534770 XM_536230 XM_549340



normal random effects with mean zero and variance Vg. The lth wolf also has an individual random effect nested within treatment and sex. The residual Error is assumed to be normally distributed with a mean of zero. WEBGESTALT



analysis



Functional groups and pathways that were enriched for differential expression between confined and free-ranging wolves were explored using webgestalt freeware available from Vanderbilt University at http://bioinfo.vanderbilt. edu/webgestalt (Zhang et al. 2005). webgestalt acts as a web interface for several publicly available resources including Kyoto Encyclopedia of Genes and Genomes (KEGG) and the database for annotation, visualization, and integrative discovery (DAVID). A Fisher’s exact test was used for all analyses, and three of the five nominally significant pathways exceeded the Bonferroni corrected P < 0.01 as indicated in Table 3. Since all of the functional categories identified in Table 3 are at similar hierarchical levels, they include completely nonoverlapping sets of genes and can be regarded as independent functional categories, despite the fact that they all represent modes of stress response. None of the categories are included as a subset of a higher ontological level, so they are independent in this regard as well.



Real time quantitative PCR Quantitative polymerase chain reaction (PCR) was performed on four selected genes (three significant and one control) to confirm the direction of their expression between the two treatment groups. Genes were chosen based on their significant differences between the two groups and their involvement in the top pathway hits from the webgestalt analysis. Since we chose genes that showed relatively high levels of expression compared to all the genes on the microarray, our results may reflect bias towards those genes, but should show no biases against the subset of genes used in the analysis. However, it should be noted that only the two genes that are more highly expressed in free-range wolves were validated with this approach. Primer sets were designed to span an intron on the 3′ end of the canine orthologue for the genes in Table 2. Canine orthologues © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd



were described in the Ensembl database and confirmed by performing a reciprocal blast search. Quantitative PCRs for a pool of four confined samples and a pool of four free-ranging samples was performed in six replicates for each primer set. Two hundred nanograms of each sample were used for each reverse transcription reaction using Promega’s Improm II reverse transcriptase (A3802). Ten microlitre quantitative real time PCRs were run on Applied Biosystems ABI 7900 machine using Applied Biosystems SYBR green PCR master mix (4309155). A one tailed t-test was used to test the significance of the difference between the absolute values of the log base 2 of the cross over threshold (log2CT) after they were normalized to the control gene GABRE. A Ct of one equals the cycle number where enough amplicon is present to register fluorescence above background (Hembruff et al. 2005).



Results Whole blood gene expression profiles of 13 wild red wolves and one coyote were examined using Illumina Sentrix HumanRef 8 Bead Arrays. Six animals were born in captivity and confined for up to 10 years since birth [with the exception of one individual (10632) which was released to the wild between 4 months and 10 months of age; Table 1], while the remaining eight animals have been free-ranging their whole life. At the time of sample collection, information pertaining to health status, active mange, and parasite infection was recorded. A total of four technical replicates per animal or 56 microarrays were performed using biotinlabelled cRNA prepared from whole blood that had been stored at –20 °C in RNAlater solution. After normalization of the expression intensity measurements obtained from an average of 30 beads per transcript, it was estimated that just 12% of the long oligonucleotide human probes on the Sentrix arrays (2980 of 24 254) hybridized above background to the red wolf cRNA. This was expected, given the sequence divergence between humans and canids (Linblad-Toh et al. 2005), and the remaining probes were simply ignored. Our data thus consist of a small subset of the peripheral blood transcriptome, and it is possible that some measurements represent crosshybridization to nonorthologous genes. Nevertheless, both
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Fig. 1 Two-way hierarchical clustering of differentially expressed genes. Each row represents the expression signature of one of the 13 wolf samples as well as a single coyote sample (20288), each column indicates one measure of transcript abundance with red values high expression and blue low. The six sample names beginning with a C are confined animals while the remaining eight samples beginning with an F are free-ranging animals (these fall into distinct clusters), whereas red lettering indicates female and blue lettering male animals. Three siblings are indicated by the bracket linking three of the confined wolves. This figure shows the analysis based on all genes that are significantly differentially expressed between free-range and confined animals. A plot based on all 2980 expressed genes has a very similar structure, except that the second (11105) and third (11148) free-range wolves above cluster among the confined animals.



Fig. 2 Pedigree clustering based on kinship matrix scores. To determine the degree of gene expression clustering due to relatedness, wolves were clustered using their kinship matrix scores. Wolves 11273, 11274, and 11275 are all siblings as well as wolves 11148 and 11136. With exception of the 11273–11275 sib pairs, there were no correlations between the gene expression clustering and the pedigree clustering.



hierarchical clustering (Fig. 1) and analysis of variance of the data reveals clear differences among wolves in the gene expression profiles. After two-way hierarchical clustering of transcript abundance measures by gene and wolf, two clearly distinct clusters of wolves are apparent (Fig. 1). These are distinguished by the expression of several hundred transcripts. By visual inspection, it was apparent that these two clusters of animals are not distinguished on the basis of sex or parasite load. Rather, the clusters clearly separate wolves that are either confined (C) or free-ranging (F). Individual



20288 is the coyote, and clearly clusters with the free-range red wolves, suggesting that DNA sequence polymorphism is unlikely to account for the overall cluster differentiation. It is also noteworthy that three of the animals in the confined cluster indicated by the bracket appear to be much more similar to one another than the others, and these turn out to be siblings. Confined individuals 10632 and 10406 have health problems that might be expected to affect blood expression profiles, but there are too few genes differentiating these from the other confined animals to make any definitive statements in this regard. To account for expression differences due to relatedness among the wolves, we created a relative kinship matrix (K) which assigns each wolf a relatedness score to every other wolf based on methods described in Yu et al. (2006). Pedigree data were available for all wolves except animal 11080 and the coyote 20288. The profile of relatedness based on the kinship matrix score shows only superficial correlation with the hierarchical clustering of gene expression among the wolves (Fig. 2). Three confined siblings (identifiers 11273, 11274 and 11275) are the most divergent cluster for both gene expression and ancestry, but the other three confined wolves, although related to one another, share common ancestry with four of the free-range wolves. These results suggest that differential gene expression changes are mainly due to habitat but that genetics also makes a contribution. In order to quantify the proportion of observed variance in gene expression due to habitat, sex, wolf, and genetic relatedness, we performed a principal component (PC) analysis on the estimated transcript abundance of each of the 2980 expressed genes in each of the 11 wolves for which relatedness was estimated. Analysis of variance was then performed to estimate the relative contributions of each of © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd
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Fig. 3 Contributions of habitat and genetic relatedness to expression variation. Each pie chart illustrates the proportion of the variance for the indicated Principal Component that is explained by the indicated factors (habitat, genetic relatedness, sex, or wolf) or left unexplained (residual). The central pie chart shows the weighted average contribution of each effect in proportion to the variance explained by each of the four PCs (PC1: 38.2%; PC2: 15.8%; PC3: 7.6%; PC4: 5.9%).



these factors. Averaged over the first four PC, and weighting for their contributions, habitat accounts for 25.6%, genetic relatedness 9.7%, individual wolf 17.4%, and sex just 1.5% of the variance in PC values across the sample, with the remainder unexplained. The pie graphs in Fig. 3 provide a graphical view of the contributions to each PC separately and clearly imply that PC1 largely captures the effect of habitat, PC2 captures genetic relatedness, PC3 captures differences between individual wolves, and PC4 a mixture of effects. In the process of data normalization, we also noted a 5.6% decrease in average variance of expression profiles across all expressed transcripts for the confined (σ2 = 0.78) relative to the free-range wolves (σ2 = 0.86). The difference is significant both by t-test (P = 0.04) and permutation (P = 0.04) and is consistent with the hypothesis that the diverse and variable conditions experienced by animals in the wild lead to a wider range of gene expression values overall than confinement. The alternative hypothesis, that perturbation of normal physiology due to a change in the environment increases phenotypic variability (Charmantier © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd



& Grant 2005; Zhang 2005), much as the aging process seems to affect the stability of expression profiles in humans (Somel et al. 2006), is not supported by these data. Mixed model analysis of variance was applied to quantify differential gene expression and identify specific genes that distinguish the two groups of wolves. The number of significant differences between the sexes was not greater than expected by chance, but effects of both confinement status (confined vs. free-range) and interaction between confinement status and sex were significant at experiment-wide confidence levels for hundreds of genes. The volcano plot in Fig. 4 shows the relationship between significance and fold difference between the confined and free-ranging expression for each gene. The magnitude of difference between mean expression in the confined and free-ranging samples, in log base 2 units of fluorescence intensity, is on the x axis, while significance is shown as the negative logarithm of the P value (NLP) on the y-axis for each probe. While overall there is a relatively symmetric distribution of up- and down-regulation of expression between the two groups of wolves, there is a notable excess of significant and



2788 E . K E N N E R LY E T A L . Table 3 Pathways identified by Gene Ontology analysis Pathway



No. of genes Significance



Focal adhesion pathway Regulation of actin cytoskeleton Insulin signalling pathway Tight and adherens junction pathway Proteasome



13 10 12 13 6



0.004** 0.046* 0.001*** 0.005** 0.014*



*for 0.01 < P < 0.05; **for 0.001 < P < 0.01; ***for P < 0.001.



Fig. 4 Volcano plot of significance against magnitude of effect for each gene. The difference between mean expression in confined and free-range animals (excluding the coyote) in log2 units is plotted on the x axis, and significance on the y axis was determined by mixed model analysis of variance performed using the PROC MIXED procedure in sas. The red dashed horizontal line indicates an FDR q value less than 0.10 and corresponds to P < 0.0124. The genes above the line to the left of zero are higher in the freeranging wolves and the genes above the line to the right of zero are higher in the confined wolves.



more than twofold higher expression in free-range wolves (genes up and to the left on the plot). Genes above the horizontal false discovery rate threshold in Fig. 4 are considered significantly differentially expressed between the two confinement status classes. The false discovery rate procedure of Storey & Tibshirani 2003) was used to identify a list of 148 genes with q values less than 0.10 (P < 0.0124), but because the q value associated with the nominal test-wise significance value of P < 0.05 is just q = 0.128 for a total of 482 genes, we adopted this value for comparison of gene categories. At this cut-off, 62 genes are expected to be false positives. Of these 482 genes, 341 genes are expressed at higher levels in free-ranging wolves, while the remaining 141 genes are expressed at higher levels in the confined wolves. Identical analysis using all 24 354 genes revealed comparable numbers of significantly differentially expressed gene. Comparable results were also observed when a genetic relatedness component was incorporated in an analysis, confirming that the expression divergence between free range and confined animals is predominantly environmental in origin. However, the significance of the genetic effect term in the model implies that there is a weak but significant effect of relatedness overall. The microarray results were validated by quantitative RT-PCR measurement of the expression of three differentially expressed genes shown in Table 2, and one control gene, gamma-aminobutyric acid A receptor epsilon (GABRE). The 2–∆∆Ct method was used to contrast fold differences in



expression between free range and confined animals relative to the control gene (Livak & Schmittgen 2001). A one-tailed t-test confirms mRNA quantities of actin, beta (ACTIN) (P < 0.0002) and catenin (cadherin-associated protein), beta 1 (CTNNB1) (P < 0.03) are significantly higher in the free-ranging wolves compared to the confined wolves, while mitogen-activated protein kinase 1 (MAPK1) shows a slight but nonsignificant decrease in free-range wolves. Both ACTIN and CTNNB1 are part of the focal adhesion pathway which is described below. Enrichment of functional pathways for genes that were over- or under-represented relative to all expressed genes on the array was examined using Vanderbilt’s webgestalt. Using a significance threshold of P < 0.05 (Fisher’s exact test), six pathways were overrepresented in the 341 genes that were up-regulated in free-ranging wolves. We combined two of these, adherens junctions (six genes) and tight junctions (seven genes) together in assembling the list of pathways in Table 3. Tryptophan metabolism and cell cycle regulation pathways were significantly (P < 0.05) overrepresented in the set of 141 genes that are more highly expressed in the confined red wolves. Additional analysis on the 148 genes at q < 0.1 gives analogous results for the free-ranging wolves as four out of the five aforementioned pathways are significant at P < 0.005. The upregulation of the focal adhesion and proteasomal pathways along with the actin cytoskeleton pathway in free-ranging animals is interesting, because they all are linked to responsive states due to dietary changes or exercise stimulation (Fluck et al. 1999; Carson & Wei 2000; Reid 2005). The focal adhesion pathway (FAK) and the actin cytoskeleton pathway are also involved in the further regulation of the insulin pathway (Tsakiridis et al. 1999; Huang et al. 2002). Components of the FAK and actin cytoskeleton pathways are linked to the cellular processes needed for a pro-inflammatory immune response, as well as cytokine and cytokine receptor activation and regulation (Hall 1998; Singh et al. 1999; Funakoshi-Tago et al. 2003). Down-regulation of the proteasomal pathway has been associated with diets that have increased corn gluten as well as muscle turnover associated with increased activity levels (Reid 2005; Wakshlag et al. 2003). Starvation also © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd



L I F E S T Y L E A N D G E N E E X P R E S S I O N 2789 stimulates this pathway because animals must break down muscle to obtain sufficient essential amino acids (Finn & Dice 2006). The depressed states of these pathways in confined animals could be reflective of the animals’ physiological response to confinement caused by the lack of exercise and dietary changes.



Discussion Use of heterologous microarrays for gene expression profiling The findings in this study were obtained using a heterologous microarray platform, namely by hybridizing red wolf cRNA to human long oligonucleotide probes. This is clearly not an ideal experimental practice, as it leads to loss of data due to failed hybridization of substantially diverged sequences, and raises the possibility of cross-hybridization, particularly to gene family members, in cases of intermediate sequence divergence. The above-background detection of just 12% of transcripts contrasts with expression of the majority of all genes on Illumina human bead arrays in human peripheral blood (Göring et al. 2007; Y. Idaghdour and G.G., unpublished data) and confirms the substantial loss of resolution due to heterologous hybridization. These concerns over artefacts due to mishybridization do not, however, invalidate the general conclusions. First, the clear division between expression in confined and free-range animals was not expected a priori. There is no reason why individuals within the species should show such marked differences as a result of cross-hybridization, particularly because the differences fall predominantly into a small number of functional gene ontology categories. As described below, the fact that these categories are readily interpreted in the context of dietary, immunological, and physiological stress responses, increases our confidence in their significance. Furthermore, two of the three changes in expression that we retested by wolf-specific quantitative RT-PCR were validated, confirming that while some artefacts are present, as a whole, the expression changes are likely real. While inferences about the effect of confinement on any single gene must be treated with caution, there is little doubt that confinement status has a major impact on expression profiles in the red wolf immune system.



Overrepresentation of stress pathways among differentially expressed genes Each of the pathways listed in Table 3 as overrepresented among differentially expressed genes has been linked to stress, dietary, or immunological responses either through gene expression profiling or other types of studies. It is difficult to disentangle the effects of these environmental factors because they impinge on several of the pathways. © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd



For example, increased levels of the pro-inflammatory biomarkers likely indicate an individual’s exposure to microbial, viral and macro parasites, but are also known to be involved in mediation of glucose homeostasis and hence dietary response (Grimble 2002; Long & Nanthakumar 2004). In addition, Ohmori et al. (2005, see also Morita et al. 2005) used gene expression profiling to show that receptors for interleukins are up-regulated in peripheral blood by exposure of students to the stress of exam-taking. This is consistent with other findings showing that stress activates an inflammatory immune response in both humans and animals (Goebel et al. 2000; Nukina et al. 2001). Similarly, the up-regulation of the tryptophan metabolism pathway in confined animals is interesting because the pathway has been linked to stress response and serotonin release (Dunn & Welch 1991) seen in both dietary and environmental changes. Tryptophan metabolism is up-regulated in brains of restrained mice, and this in turn leads to increased serotonin synthesis (Lenard & Dunn 2005). Tryptophan metabolism changes have also been associated with dietary changes such as from a high protein diet to a lower protein diet that will stimulate an uptake of serum tryptophan in the brain to increase serotonin levels (DeMarte & Enesco 1985; Wakshlag et al. 2003). When the wolves are confined, they are placed on a commercial dry kibble diet (Hill’s science diet active maintenance), and although this is protein-rich and is occasionally supplemented with deer carcasses, clearly it is not the same as their normal food intake. Simultaneously, the animals experience a marked change in their mobility and daily exercise patterns. Free-range animals may be expected to show increased muscle turnover, consistent with the finding of excess proteasomal pathway activity if our observations on blood also apply to muscle. It is noteworthy in this regard that a recent study using heterologous microarrays to study heat-stressed coral reef fish, showed patterns of differential regulation of several gene ontology classes including actin cytoskeleton assembly (Kassahn et al. 2007). Psychoneuroimmunological studies have led to speculation that the brain and immune system interact by sharing common signalling molecules. The immune system has been proposed to act as a ‘sixth sense’, allowing the brain to detect things it cannot otherwise hear, see, taste or feel (Blalock & Smith 2007). Sharing of neurotransmitters, hormones and their respective receptors by the central nervous system and the immune system may enable the mind to influence susceptibility or resistance to disease or stress, and vice versa. In human studies, patients with a high degree of emotional stress show a significant depression in their immune response, making them more susceptible to diseases like atopic dermatitis or hepatitis C (Raison et al. 2005; Hashizume & Takigawa 2006). We emphasize, however, that our sample size is too small and there are too many variables to allow any inferences about the possible
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Peripheral blood biomarker analysis Biomarkers have been adopted extensively to study physiological status in response to environmental agents in invertebrate and aquatic species (for example, Snell et al. 2003; Umina et al. 2005; Giger et al. 2006), but their use in mammalian ecology remains relatively unexplored. Our study demonstrates that gene expression differentiation due to life history and environmental effects may be at least as strong as genetic differentiation in wolves, implying that environmental and ecological influences can be detected readily. The adoption of microarrays is a particularly promising approach to biomarker discovery in peripheral blood, and applications from conservation genetic animal management to early detection of environmental stress are readily envisaged. Our data also support the notion that expression profiling of peripheral blood may be highly informative about the immunological status of an individual animal, and that extensive cross-sectional sampling may support parsing of the effects of such factors as nutrition, exercise, and psychological factors. We have recently observed that human lifestyle affects the expression of at least one-third of the human leukocyte transcriptome in a genetically uniform population, the Moroccan Amazigh (Y. Idaghdour and G.G., submitted). Individuals living nomadic, rural, and urban lifestyles show dramatic differences in expression of suites of genes in specific immunological and disease categories. It thus seems likely that environment-dependent peripheral blood profiles are a common feature of mammalian species, raising the possibility that widespread expression profiling of blood samples from large populations, in combination with relevant data on lifestyle differences, should be considered as a general strategy for the identification of biomarkers for diverse types of ecological stressors. It would not be advisable to use profiles obtained using heterologous platforms to make clinical assessments about a particular individual; therefore, applied conservation genetic work with wild species awaits the development of species-specific arrays.
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