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            Abstract
The development of a multicellular organism and physiological responses require massive coordinated changes in gene expression across several cell and tissue types1,2,3. Polymorphic regions of the genome that influence gene expression levels have been identified by expression quantitative trait locus (eQTL) mapping in many species4,5,6, including loci that have cell-dependent7,8, tissue-dependent9 and age-dependent10 effects. However, there has been no comprehensive characterization of how polymorphisms influence the complex dynamic patterns of gene expression that occur during development and in physiology. Here we describe an efficient experimental design to infer gene expression dynamics from single expression profiles in different genotypes, and apply it to characterize the effect of local (cis) and distant (trans) genetic variation on gene expression at high temporal resolution throughout a 12-hour period of the development of Caenorhabditis elegans. Taking dynamic variation into account identifies >50% more cis-eQTLs, including more than 900 that alter the dynamics of expression during this period. Local sequence polymorphisms extensively affect the timing, rate, magnitude and shape of expression changes. Indeed, many local sequence variants both increase and decrease gene expression, depending on the time-point profiled. Expression dynamics during this 12-hour period are also influenced extensively in trans by distal loci. In particular, several trans loci influence genes with quite diverse dynamic expression patterns, but they do so primarily during a common time interval. Trans loci can therefore act as modifiers of expression during a particular period of development. This study provides the first characterization, to our knowledge, of the effect of local and distant genetic variation on the dynamics of gene expression throughout an extensive time period. Moreover, the approach developed here should facilitate the genetic dissection of other dynamic processes, including potentially development, physiology and disease progression in humans.
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                    Figure 1: Reconstructing dynamics from static expression profiles.[image: ]


Figure 2: High-resolution view of gene expression during 12 h of C. elegans development.[image: ]


Figure 3: A total of 905 cis-eQTLs affect the dynamics of gene expression.[image: ]


Figure 4: trans-eQTLs.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Inferring dynamic expression from individual expression profiles in each genotype and analysing the effect of local regulatory variation on the dynamics.
a, Genes related to oogenesis (red) and spermatogenesis (blue) have high scores on the first and second canonical variates, respectively. b, Canonical correlation analysis correctly sorts the samples in the reference expression time series. Reference data points are sorted by time along a trajectory that mirrors the one formed by RIAILs (Fig. 1) when projected onto the first two canonical variates. Numbers indicate the time in hours after the mid-L3 stage at which each reference sample was prepared. c, PCA on the uncentred RIAIL expression data reveals two outliers that are excluded from further analysis. d, PCA analysis of RIAIL gene expression profiles. Projection of the RIAILs onto first two forms a nonlinear trajectory. The first and second components (comp) explain 37% and 20% of the variance in the RIAILs expression data, respectively. e, Genes related to oogenesis (red) and spermatogenesis (blue) have high scores on the first and second principle components, respectively. f, Projections of the 206 RIAILs ranked by canonical correlation onto the first six canonical variates (iâ€“vi). g, Projections of the reference time series onto the same canonical variates. Dynamic time warping of the RIAIL projections onto the reference projections is used to estimate the physiological age of each RIAIL. h, Projections of the 206 RIAILs onto the first six canonical variates (y axis) versus the final estimated age of each RIAIL (x axis). i, The number of eQTLs detected by a model that only includes local marker without considering time (no time), by a model that includes time and local marker additive effects (additive), and the number of â€˜dynamicâ€™ eQTLs; that is, the ones that are best explained by a model that also includes the interaction between local marker and time. j, Classification of the â€˜dynamicâ€™ eQTLs into non-mutually exclusive classes. k, Genes with eQTLs are in general biased towards the arms and tips of the chromosomes; the same is also true for genes with â€˜dynamicâ€™ eQTLs. Error bars represent 95% binomial confidence intervals. l, Density of polymorphisms in different regions of all genes, genes with no detected eQLTs, genes with any kind of eQTLs, and genes with â€˜dynamicâ€™ eQTLs. Intergenic regions are defined as regions between adjacent coding transcripts. 5â€² UTR is defined as the region between the transcript start and the translation start site; 3â€² UTR is the region between the stop codon and the transcript end. SNP density is defined as the number of SNPs divided by the length of the region of interest. Thus, non-synonymous and synonymous SNP densities are both defined as number of non-synonymous and synonymous SNPs divided by exon length. P values for enrichments were calculated using Fisherâ€™s exact test. Error bars represent 95% binomial confidence intervals.


Extended Data Figure 2 Trans hotspots regulate genes with diverse dynamics.
Left, clustered heat maps of the time-ordered expression of genes regulated by different trans-eQTL hotspots in RIAILs carrying the Bristol (red) or Hawaii (blue) alleles of the trans hotspot. Right, temporal expression profiles of the means of each of the indicated expression clusters when the relevant genomic region carries the Bristol (red) or Hawaii (blue) allele. The numbering of each hotspot follows that in Fig. 4B. Three trans-eQTL hotspots (numbers 5, 6 and 7) have been previously identified.


Extended Data Figure 3 Single maker analysis of trans-eQTLs.
a, The number of target genes per marker is shown for the random forest (black) and single marker analysis (red). Trans hotspots were defined using a Poisson test. According to this test, markers associated with 13 or more eQTLs have a significantly higher number of eQTLs than expected by chance at FDR = 0.1 in the single marker analysis, and so were defined as trans hotspots. Of the top 10 hotspots identified by random forest and presented in the manuscript, 9 are also identified by the single marker analysis. The missing hotspot is number 3 in the middle of chromosome IV, however 21 out of 55 genes (38%) regulated by this hotspot have at least one eQTL in the single marker analysis, and 11 of these are in the same region of chromosome IV as the hotspot, consistent with the random forest analysis. b, To investigate further why the random forest detects more genes as regulated by this hotspot, we calculated the genome-wide correlation between the empirical P values (from the random forest analysis) of the hotspot 3 marker and all other markers. The hotspot 2 marker (red dashed line) has the highest correlation aside from markers that are in linkage disequilibrium with the hotspot 3 marker. c, Marker log odds ratio (LOD) scores of genes in trans hotspot 3 are significantly higher when the genotype of the hotspot 2 marker is included in a linear model. This may contribute to why more genes are detected as regulated by hotspot 3 in the random forestâ€”in which the influence of several markers is taken into accountâ€”than in the single marker analysis.


Extended Data Table 1 Robustness of the results to variation in time estimationFull size table





Supplementary information
Supplementary Data
This zipped file contains Supplementary Tables 1-3. Supplementary Table 1 contains high temporal resolution expression profiles of all 15855 detected genes during 12 hours of C. elegans development. Expression values are log2 fold changes compared to a common reference sample and are given for each gene in each of the 206 RIAILs sorted by their age together with the inferred physiological age of each sample. Supplementary Table 2 contains classifications of cis-eQTLs at FDR=0.1. Supplementary Table 3 contains genes regulated by the top 10 trans-eQTL hotspots at FDR=0.1. (ZIP 17454 kb)
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Gene expression changes during development
Polymorphisms that influence gene expression levels have been identified by expression quantitative trait locus (eQTL) mapping in many species. This study â€” focusing on a 12-hour period in the nematode Caenorhabditis elegans â€” provides the first comprehensive look at how these polymorphisms affect the dynamics of gene expression during development. Both cis and trans eQTLs can increase and decrease gene expression, depending on the time-point profiled, and trans eQTLs can act as modifiers of expression during a given period of development. It is hoped that the approach developed here can be used to study other dynamic processes, such as physiology and disease progression.
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