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Abstract. 
High throughput technology has prompted the progressive omics studies, including genomics and transcriptomics. We have reviewed the improvement of comparative omic studies, which are attributed to the high throughput measurement of next generation sequencing technology. Comparative genomics have been successfully applied to evolution analysis while comparative transcriptomics are adopted in comparison of expression profile from two subjects by differential expression or differential coexpression, which enables their application in evolutionary developmental biology (EVO-DEVO) studies. EVO-DEVO studies focus on the evolutionary pressure affecting the morphogenesis of development and previous works have been conducted to illustrate the most conserved stages during embryonic development. Old measurements of these studies are based on the morphological similarity from macro view and new technology enables the micro detection of similarity in molecular mechanism. Evolutionary model of embryo development, which includes the “funnel-like” model and the “hourglass” model, has been evaluated by combination of these new comparative transcriptomic methods with prior comparative genomic information. Although the technology has promoted the EVO-DEVO studies into a new era, technological and material limitation still exist and further investigations require more subtle study design and procedure.



1. Introduction
Evolutionary developmental biology (EVO-DEVO) studies how the dynamics of development affects the phenotypic variation arising from genetic variation and its correlation with phenotypic evolution. In this subject there is a central issue, which is the most conserved period or the crucial section during the entire developmental process of an organism. To solve this issue, morphological studies, which are the major approach in developmental biology, have been conducted on different species in past years. However, these traditional observation methods are not sufficient for the requirement of precise quantification analysis. In such a demand, comparative transcriptomic studies have been utilized in these studies and generate some models about the evolutionary pressure of embryonic development.
Next generation sequencing technology has largely improved the scale of comparative genomics studies by the high throughput detection of gene sequences, which makes the assembly of new genome easy. Besides, not only have the comparative genomics studies with case-control studies design reached a new level, but also the evolution studies based on genome sequences of multiple species have been feasible. When comparative transcriptomic studies of embryo development are equipped with this powerful tool, it also has generated unprecedented revolution in EVO-DEVO field and improved the resolution from macro to micro view. Several strategies have been proposed to illustrate the existing models of selective pressure acting on embryonic development, which provide further understanding for the divergence of morphogenesis.
2. Comparative Genomic and Comparative Transcriptomic Study
2.1. Comparative Genomics: From Case-Control to Multiple Species
Case-control study design is widely adopted in epidemiology for investigating the relationship between disease and exposure and it is the initial principle of comparative studies. In genomic studies, this design works efficiently for the comparison of two objects and it aims to illustrate relationship between the phenotypic difference and the genetic difference. Phenotypic difference stands for disease while genetic difference stands for exposure in terms of epidemiology. From the genomic opinion, the genetic differences were variants between case and control samples. Many genome-wide association analysis studies (GWAS) also employ the case-control study design to examine the potential effects of genetic variants among populations [1–3], which has promoted the understanding of many kinds of diseases [4].

During the microarray era, there are many comparative genomic studies which adopted array comparative genome hybridization (aCGH) technology to determine copy number variations (CNVs) [5] or oligonucleotide array technology to investigate single nucleotide polymorphisms (SNPs) [6]. Along with the birth of next generation sequencing (NGS) technology, these microarray based technologies have been replaced as they are not convenient to acquire any interested genome sequences of organism as sequencing. Besides some de novo sequencing works [7, 8], most studies tend to conduct the resequencing procedure with case-control study design [9, 10]. It is meaningful to sequence comparable subjects and detect the underlying genetic difference, such as the fact that Atanur et al. have discovered the likely cellular basis of hypertension by comparing the genome of SHR strain rat with BN rat reference genomes [11]. The Bactrian Camels Genome Sequencing and Analysis Consortium have identified characters of domestication in camel by comparing the heterozygosity rate of wild and domestic Bactrian camels [12]. In the light of NGS technology, GWAS also have transformed from common variants to rare variants (Figure 1).




	
	
		
		
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		


Figure 1: Illustration of the comparative genomics and comparative transcriptomics based on case/control study design are conducted with old school technologies and next generation sequencing technology. This figure shows the main concepts in the first part of this paper.


The case-control study design is narrow sense of comparative genomic as it is unnecessary to limit the comparison between two objects. Multiple objects comparison involves intraspecies comparison and interspecies comparison designed for different purpose. Intraspecies comparison intends to discover the strains diversity for specific species or the variation in population for certain species. The STAR Consortium has used SNP array to illustrate the diverse genetic background of different inbred laboratory rat strains [13], and the follow-on work has been conducted by Atanur et al. depending on next generation sequencing [14]. Similar study has been conducted to study the artificial selection during chicken domestication [15]. Navin et al. have applied single-nucleus sequencing to investigate tumor population structure and evolution in human breast cancer [16]. Actually the comparison between multiple objects is crucial especially in evolutionary analysis [17]. The interspecies comparison focuses on evolutionary analysis which examines the selective constraints acting on sequence of genome. Zhang et al. have compared the expansion or contraction of gene families between two bats and other eight mammalian species to reveal the genetic and evolutionary background for the functional characters of bat [18]. Besides, many studies trace certain species in phylogeny based on similarity of ortholog sequences between the studied and several known species [12, 19–21].
2.2. Comparative Transcriptomic Methods: Differential Expression and Differential Coexpression
Sequencing technology gives great impetus to comparative genomic studies, while the sequencing object is far beyond the DNA sequence. Capturing transcripts in cell makes the RNAs also available to the sequencing platform, which is used for quantification of the expression or detection of alternative splicing events. Sequencing technology also has improved comparative transcriptomic studies as it has produced plenty RNA data for transcriptomic investigations (Figure 1).
The traditional comparative transcriptomics are also based on the case-control study design, in which the gene expressions of several samples for each group are measured and statistical tests are adopted to examine the differential gene expression between case and control subjects. The differentially expressed genes are considered to be associated with phenotypic divergence between compared objects and they have potential to be the candidate biomarker of case situation. Recently, in the light of the high throughput technology such as microarray or RNA sequencing, expressions of 10 thousand genes can be detected at the same time. The big advance expands the scale of expression detection but also leads to the problem of multiple comparisons. The problem reduces statistical power so that several genes with expression change are neglected. Beside the problem of multiple comparisons, differential expression analysis also is defectiveness in following network analysis. For instance, in order to study their functions, the differentially expressed genes are always aligned onto the interaction network which is built by prior knowledge of protein interactions, which will not discover the new connections of genes.
Considering these deficiencies, it is necessary to further mine the information hiding in the expression matrix, which prompts the birth of differential coexpression analysis focusing on the switch of the links between genes rather than the changes of expression values for a single gene between samples [22]. In the system of organism, genes are organized into networks rather than separated, and genes are always linked to regulators such as TF, which lead to two genes regulated by the same TF exhibiting correlation in their expression profiles. The correlation of gene pair varies in different condition because the regulation relationship between genes will switch when the organism is exposed to different situation. Based on this principle, with several samples measured in case and control group, respectively, we are able to measure the correlation coefficients of every gene pair in each group. By comparing these correlation coefficients between case and control groups, the differential coexpression gene pairs can be identified. The differential coexpression approach not only complements the result of differential expression analysis but also enables the identification of rewiring events in the gene regulation network (GRN).
2.3. Annotation of Regulatory Element: The Integration of Genomics and Transcriptomics
Next generation sequencing not only prompts the efficiency of genomic research [23] but also facilitates the construction of genomic libraries for populations [24]. However, for the accumulation of sequences we have found abstruse information associated with biological function underlining the genome sequences. In order to further understand the biological function, we need to analyze the regulatory mechanism of the genomic elements, which lead to the transformation from comparative genomics to comparative transcriptomics. In such kind of demand, the Encyclopedia of DNA Elements (ENCODE) project and Model Organism Encyclopedia of DNA Elements (modENCODE) project have born and focus on annotation of the regulatory elements in genomes including human, mouse, fly, and worm [25–28]. They have profiled several crucial features in transcriptome such as the binding sites of transcription factors (TFs), epigenomic modifications, and gene expression levels for these species, which provide plentiful datasets for transcriptomic analysis. Depending on the profiles of epigenomic modifications, Ernst et al. have classified the human chromatin into 15 kind states which represent the activated conditions [29]. Based on the binding of TFs, Yip et al. have used machine learning approach to discriminate genomic regions [30]. By correlating epigenomic modifications on the cis-regulation region and gene expression in each species, Cheng et al. have proved that gene expression is predictable by chromatin features in fly and worm [31]; at the same time Dong et al. also model gene expression levels by histone modification profiles in human cell lines [32]. Finally, a universal model has been proved for epigenomic modifications on cis-regulation region to predict gene expression in these three species [33].
Although not every organization is able to produce such diversiform datasets, the integration of genomic information with transcriptomic information has been adopted by many investigators. These studies have made difference in understanding the regulated elements in genomic sequences. The integration of multiple levels, which also represents the trend of omic study nowadays, is based on the hypothesis that switches in higher level will influence the lower level which is coordinated with the Central Dogma. In other words, it proposes that the genomic mutations in gene sequence will lead to the change of expression level of downstream genes. Applying this principle, Akavia et al. have developed an algorithm to identify the casual genetic aberrations in cancer through associating chromosomal copy number variation (CNV) and gene expression data [34]. Kim et al. have identified potential causal genes by combining the expression Quantitative Trait Loci (eQTL) analysis with pathway information [35]. The integration of multiple level data not only increases the utilization of datasets but also ensures the reliability of result. It is wildly adopted in biological investigation nowadays, especially in studies of cancer which are conducted by The Cancer Genome Atlas (TCGA) [36, 37].
In summary, as a branch of computational science, bioinformatics has been promoted by the coming of big data era. More and more datasets will be generated by consortium like ENCODE and TCGA, and the meta-analysis will still be the trend in future.
3. EVO-DEVO Studies for Understanding the Morphological Diversity of Species
3.1. From Macro to Micro: Morphological Study to Gene Study
The development process of animals has been proposed to be under stringent selective pressure in order to ensure the precision of the process. The evolutionary pressure constrains the phenotypic diversity of embryo for different organism at certain degree, which leads to the morphological similarities at some stages of embryo development for different species. And the extents of embryo similarities between species are diverse during development process, which enables development biologists to examine the fluctuations of evolutionary pressure acting on different embryo stages. Development biologists have used this embryo morphological comparison method to study organism development for many years. For instance, von Baer’s third law has proposed that the earlier development stages are highly similar between different species and the embryos gradually present divergence from each other during ontogeny [38]. Ontogenic stages stand for developmental process in contrast with phylotypic period, in which the morphology of embryos from different species represents such a high similarity that these development stages are considered to recapture the phylogeny during evolution. As above mentioned, discriminating ontogenic stages from phylotypic stages are central issue in the EVO-DEVO studies. However, a defect of the morphological comparison method is that it is difficult to quantize the morphological features, which would cause problem using nonquantitative morphological characteristics to evaluate the quantitative degree of conservation. And the stages with certain morphological characters are various in multiple phylum, which limits the morphological comparison which only can be conducted in a certain phylum. Taken together, these will confuse the definite detection of selective constraints acting on stages in multiple species.
Along with the advance of the technologies in molecular biology, development biologists have been able to analyze the development stages from microcosmic view. For instance, Duboule has found that the expression of Hox genes is a feature of the phylotypic stages [39]. The information from molecular comparison provides more precise identification of patterns for ontogenic stages and phylotypic stages in embryo development as it can produce the quantitative information. Until recently, new high throughput technologies, which possess more accurate quantitative characteristics, have been applied to development studies. Depending on microarray, Vassena et al. have examined gene expression in human preimplantation development [40], and the expression profile of whole development time series for zebra fish has been inspected by Domazet-Lošo and Tautz [41]. RNA sequencing method also has been adopted to address the expression profile of development in multiple species including fly [28], worm [27], human, and mouse [42].
Advance in the technology enables the EVO-DEVO studies from macro to micro. From microcosmic view, development biologists would further decipher possible evolutionary mechanism underlying the hypothesis, which is more challenging and meaningful. These molecular level studies are thought to be superior compared with the morphological approaches, as the information of gene sequences is more close to the inherited entities compared with the morphology. However, it is still a controversial problem for the discrimination of ontogenic stages and phylotypic stages in embryo developmental process for multiple species. New high throughput technology has potential to distinguish these stages depending on comparative transcriptomic analysis, which would further contribute to understanding the underlying molecular and evolutionary mechanism of development.
3.2. Two Controversial Models about the Constraints on Development
Above we have mentioned the controversial partition about the ontogenic stages and phylotypic stages during development stages, which can be illustrated as problem of defining phylotypic stages in certain period of development. Phylotypic stages are supposed to be development stages with high similarity among different species, in which the features of nature selection such as gene expression or gene sequence should present to be conserved. In ontogenic stages, species specific differentiation happens and features in these stages should be less conserved. In particular, because of their conserved feature, evolutionists, who intend to label these stages in certain developmental period for understanding the evolution of development, which is the central issue of EVO-DEVO studies, are also interested in phylotypic stages.
Organism developmental process can be classified into three dominant periods: earlier stages marked by the prominent event, zygote genome activation (ZGA) [42], middle stages when Hox genes start expression [43], and late stages in which morphological formation starts [44]. The late stages are unanimous to be the most nonconserved because embryos of different species already present diversity in these stages, whether morphological divergence or variations of gene expression. Although Tian et al. have found that the late stages show the strongest conservation and weakest evolvability in the slime mold Dictyostelium [45], these stages are still considered to be less conserved among most organisms, especially vertebrate. Besides this rare case of slime mold, two canonical evolutionary models of development have been proposed: the “funnel-like” model, in which it is supposed that the earlier embryo stages are the most conserved, and the “hourglass” model, in which the middle stages of development are imposed with the strongest evolutionary constraints [46].
The “funnel-like” model, which describes the shape of selective constraints acting on development as a funnel (Figure 2), has been rooted in von Baer’s third law. This law suggests that the selective constraints gradually decrease during the development and the earlier stages of development are under most stringent selective pressure. The development process starts from a single zygote cell, along with cell division occurring; it forms blastocyst which is composed of multiple cells with different fates. This process looks very similar to the evolution of creature, which starts from single cell to multiple cell. Therefore, phylotypic stages are thought to recapture the phylogeny in evolutional history and the development process is supposed to be an expand procedure from simple to complex. The earlier stages, which are considered to be simplex, should be exposed under strict selection so that the later developmental program can be subtly executed. This is in concordance with the developmental burden hypothesis [47], which has assumed that earlier elements in embryo are responsible for downstream development infrastructure so that earlier stages tend to be evolutionarily conserved.
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(b)
Figure 2: Illustration of the two major models about the selective pressure of embryonic development and their measurement. Pictorial charts in the right side stand for the “funnel-like” model and “hourglass” model. Histograms, boxplots, and lines from left to right stand for the three kinds of measurement of selective pressure based on transcriptomic data. In the figure of expression correlation, higher expression correlation means transcriptome similarity, which is the signature of conservation. In the figure of dN/dS ratio, lower dN/dS ratio means the conserved gene sequences. For the computation of transcriptome age index, ancient genes are labeled with small numbers while young genes are labeled with big numbers. Therefore, lower transcriptome age index of a stage means more ancient genes expressing in corresponding stages in the figure of transcriptome age index.


The “hourglass” model, which assumes the mid-embryonic stages, shows the most stringent constraints and the shape of constraints looks like an hourglass with two wide sides and a narrow middle (Figure 2). This model initially depends on the functional importance and complicated regulation network of middle stages, in which the Hox genes express and the embryo forms body plans [39]. This fundamental process is considered to be such a crucial infrastructure in embryo development that perturbation during these stages will cause tremendous influence on organogenesis. In old school embryo morphological time, although some alternative models have been proposed [48–51], the hourglass model has been validated by observations of morphological traits in multiple vertebrate embryos [52–55]. In recent years, the embryo development stages have been profiled by parallel sequencing so that the hourglass can be examined in gene level. By comparing the expression profile in embryo development for turtle and chicken, Wang et al. have validated the hourglass model in development of these two species [21].
There are two major approaches in comparative transcriptomic studies to illustrate the hourglass model or funnel-like model, which we will discuss in later part (Figure 2).
4. Comparative Transcriptomics for the Embryo Developmental Studies
4.1. Correlation of Gene Expression Methods
Based on the case-control study design, an intuitive measure for the conservation between two objects is to compare the similarity of their gene expression. The comparison of expression profile is conducted on one-to-one ortholog genes, which maintain single copy and usually are considered to possess the same biological functions in corresponding species. Therefore, the expression pattern of one-to-one ortholog gene pair should present certain degree of similarity. In definition of this method, conservation is measured by computing the correlation coefficients between all pairs of expressed one-to-one ortholog genes in each developmental stage. The levels of conservation are determined depending on the summary of all the correlation coefficients in each stage. The high correlation coefficients of a certain stage indicate conserved gene expression in this stage, which should be considered under strong selective pressure (Figure 2). As comparative genomics studies can be conducted between or within species, the comparative transcriptomics studies also can illustrate the diversity of gene expression within species or between species. Kalinka et al. have used these comparative transcriptomics studies to examine the correlation of gene expression within six sequenced Drosophila species [56], and Ninova et al. have detected the correlation of microRNA expression within two divergent fruit flies [57]. Both of these studies prove the broad existence of hourglass model for multiple kinds of transcripts within Drosophila species. As evidence for the hourglass model holding between species, the study of Wang et al. has been conducted on two different species [21]. The study of Irie and Kuratani proves the common existence of hourglass in vertebrate by comparing the expression profiles of four species [46]. These pioneering investigations have successfully applied expression correlation approach in EVO-DEVO studies, which proves comparative transcriptomic approach is powerful in evolutionary study.
The transcriptomic similarity method also has some defects, such as the fact that the correlations are examined only depending on a part of the whole transcriptome (one-to-one ortholog genes) and the computation must be conducted on two subjects/species. One-to-one ortholog genes only account for part of expression signature in each one of the compared objects. Particularly for studies conducted between distant species, the proportion of one-to-one ortholog genes becomes even smaller. It results in loss of expression information, which will further affect the conclusion. In particular, the evolutionary distance between two objective organisms is not in direct proportion to the loss of expression information, which will cause the difficulties in different studies using pairs of species with various evolutionary distances. Besides the problem of losing information, another difficulty is the choice of corresponding development time points in paired organisms. Only development stages of two species are aligned in corresponding development time points; the correlation coefficients can be computed in each of the aligned stages. However, the developmental time varies between species, which makes it difficult to find the precise alignments of stages. To solve this problem, investigators have adopted enumeration method which computes the correlation coefficients between paired stages in all-to-all manner [7, 56]. Enumeration method handles the problem of corresponding stage choice, but it will introduce artificial decision especially in the case in which one species has multiple corresponding stages in the other species, such as the dual alignment in fly and worm development stages found by Gerstein et al. [33].
4.2. Evolutionary Indices Based Methods
We have discussed the comparative transcriptomic method based on the correlation and its two major limitations above. This approach presents an oversimplified procedure. It not only neglects the information of nonortholog genes but also does not utilize the prior knowledge. Prior knowledge of conservation is contained in the sequence of expressed genes during each developmental stage. Such kind of knowledge has been evaluated by prior comparative genomic studies [58]. For instance, each gene has unique date of birth in the phylogeny which means a specific gene has been born in certain ancient time. Age information of gene should be applied to studies. In the evolutionary indices based approach, first the gene expression of a certain species during embryonic development has been profiled. Then a specifically activated set of genes have been identified for each developmental stage and the age indices of each gene set are used to measure the conservation of corresponding stage. Depending on the age index of genes, Domazet-Lošo et al. have developed a phylostratigraphy approach to specify different phylostratum for genes expressing in ectoderm, endoderm, or mesoderm of D. melanogaster embryo [59]. The principle of phylostratigraphy approach is labeling ancient genes with small numbers and young genes with big numbers so that phylogenetic ages of genes are quantified. It also has been used to study the relationship between multicellularity and the origin of cancer [60]. Based on this approach, Domazet-Lošo et al. have further proposed a transcriptome age index (TAI), which combines phylostratigraphy and stage-specific gene expression information by multiplication, to evaluate the selective pressure on stages of zebra fish development [41]. Not only has this study proved the hourglass in zebra fish, but also another study of Arabidopsis thaliana embryogenesis, in which the conservation has also been measured by TAI, has showed the existence of hourglass in Plantage [61]. Depending on the transcriptomic information, TAI measures the relative proportion of ancient genes and young genes in a specific developmental stage (Figure 2). Such kind of approach represents the combination of prior comparative genomic knowledge with the gene expression information between different development stages within a species.
Compared with transcriptome similarity method, the evolutionary index based method has some significant advantages, such as the fact that it only requires expression profile of one species and makes full usage of prior knowledge. In particular, except for the gene age index, more evolutionary information can be retrieved from prior knowledge. For instance, the adaptive selections of genes can be traced by the nonsynonymous to synonymous substitution ratio (dN/dS) of sequences in specific phylogenetic clade, and genes with low dN/dS ratio are thought to be under selective pressure in certain species [62]. Besides, there are many expansions or contractions of gene families during the formation of each species, which lead to the copy number variations of homolog genes in different species [63]. Therefore, the states of gene duplication also imply diverse selective pressure on different genes for certain kind of species. Combining these two indices with the gene age index, Piasecka et al. have measured the transcriptomic conservation of embryonic development and evaluated the conservation of transcription regulation in zebra fish [64]. They completely reexamined conservation of development stages based on the expression profile of zebra fish embryogenesis, which is the same datasets adopted by Domazet-Lošo and Tautz [41]. Their result has showed the coexisting patterns of funnel model and hourglass model, as these evolutionary indices address different aspects of selective pressure and they are unable to make unanimous decision for either model. In addition, new method has been developed and tries to combine the evolutionary index with the gene expression for identification of conserved coexpression modules between species [65]. This method has been applied on the study carried out by Gerstein et al. [33], which has investigated the conservation of coexpression modules in development stages for worm and fly.
5. Discussion
As two major existing approaches of transcriptomic studies for EVO-DEVO, both of the correlation of gene expression method and the evolutionary indices based method show some advantages and defects (Table 1). Correlation of gene expression method can measure conservation inter-/intra-species/subjects while evolutionary indices based method combines age indices and evaluates conservation in a single subject. As the study of Piasecka et al. shows, these two approaches address different aspects of evolution so that combination of them would make a more comprehensive conclusion about the evolutionary model of embryonic development. We have summarized that the 3 major indices should be adopted to evaluate the model of development, for both hourglass and funnel model (Figure 2). These 3 measurements include gene expression correlation, dN/dS ratios, and transcriptome age index, which show different aspects of evolutionary selection. For instance, gene expression correlation stands for the similarity of paired transcriptome, dN/dS ratios show the selective pressure on gene sequences, and transcriptome age index combines the gene expression with phylogenetic age. These 3 measurements present significantly different patterns for each model. For instance, in hourglass model, the middle stages present the highest gene expression correlation and genes of these stages not only have conserved sequences but also are born in ancient time. In funnel-like model, these signatures present in the early stages of embryonic development (Figure 2).
Table 1: Comparison of two detection approaches from different aspects.
	

	 	Sample 	Prior knowledge	Advantages	Defects
	

	Correlation of gene expression methods 	Paired	No	Interspecies evaluation	Loss of information
	Evolutionary indices based methods	One	Yes	Integration analysis	Single species evaluation
	



Organism development is a cell expansion process which starts from single cell to multiple cells with different destinies. This procedure transforms from simple to complex in the view of the diversity of cell composition, which is in more concordance with von Baer’s third law. However, nowadays more and more comparative transcriptomic researches support the hourglass model which proposes that the most conserved stages are in the middle period rather than the earlier period. The hourglass model is still not concluded as these comparative transcriptomic studies have technological limitation. For instance, except for the zygote, the rest of stages of embryo are composed of multiple cells, and the diversity of these embryonic cells increases along with the developmental time line. The RNA source for the comparative transcriptomic studies is extracted from embryo sample in multiple developmental time points and the RNA extractive is mixture of multiple cells. And along with development process, the RNA extractive includes more and more diverse RNAs from various cells. The different extent of RNA mixture at different development time points will affect the evolutionary conservation analysis results, as these comparative transcriptomic studies assume that every representative of different development stages is considered to be single and equivalent. Based on the single cell RNA sequencing dataset of human preimplantation embryo [66], we have showed even in the early stages that there are up- and downfluctuation of selective pressure [67]. However, these single cell RNA sequencing datasets only cover the early stages of embryo for some species [42, 66, 68].
Besides the technological limitation, there are inherent problems in the experimental materials. For instance, many studies, which try to illustrate that the hourglass model universally exists in multiple species, have been conducted on the model organism such as mouse, worm, and fly. Compared with normal organisms, these model organisms share some common features such as short generation period and quick developmental time, which represent a specific mechanism of development and will potentially bias the result model of evolutionary studies [54]. Along with the decreasing of sequencing cost, more organisms, especially those that have long development procedure, should be profiled with multiple object sequencing. Depending on the single cell RNA sequencing technology, the whole embryonic development of more species would be profiled. Moreover, precise studies should be designed to illustrate this problem and construct sophisticated models about the evolution of development.
Conflict of Interests
The authors declare that they have no competing interests.
Authors’ Contribution
Tiancheng Liu drafted the paper. Lin Yu provided the instruction of developmental biology. Hong Li revised the paper. Lei Liu and Yixue Li conceived the review. All authors read and approved the final paper. Tiancheng Liu and Lin Yu contributed equally.
Acknowledgments
This work was supported by National Basic Research Program of China (2011CB910204, 2011CB510102, and 2010CB529200), National Key Technology Support Program (2013BAI101B09), National Key Scientific Instrument and Equipment Development Project (2012YQ03026108), SIBS Knowledge Innovation Program (2014KIP215), and SA-SIBS Scholarship Program.
References
	M. Yeager, N. Orr, R. B. Hayes et al., “Genome-wide association study of prostate cancer identifies a second risk locus at 8q24,” Nature Genetics, vol. 39, no. 5, pp. 645–649, 2007.
	A. Mahajan, M. J. Go, W. H. Zhang et al., “Genome-wide trans-ancestry meta-analysis provides insight into the genetic architecture of type 2 diabetes susceptibility,” Nature Genetics, vol. 46, pp. 234–244, 2014.
	H. E. Speedy, M. C. Di Bernardo, G. P. Sava et al., “A genome-wide association study identifies multiple susceptibility loci for chronic lymphocytic leukemia,” Nature Genetics, vol. 46, no. 1, pp. 56–60, 2014.
	D. Altshuler, M. J. Daly, and E. S. Lander, “Genetic mapping in human disease,” Science, vol. 322, no. 5903, pp. 881–888, 2008.
	Z.-Q. Ye, S. Niu, Y. Yu et al., “Analyses of copy number variation of GK rat reveal new putative type 2 diabetes susceptibility loci,” PLoS ONE, vol. 5, no. 11, Article ID e14077, 2010.
	T. Miyagawa, M. Kawashima, N. Nishida et al., “Variant between CPT1B and CHKB associated with susceptibility to narcolepsy,” Nature Genetics, vol. 40, no. 11, pp. 1324–1328, 2008.
	R.-L. Ge, Q. L. Cai, Y.-Y. Shen et al., “Draft genome sequence of the Tibetan antelope,” Nature Communications, vol. 4, article 1858, 2013.
	R. Q. Li, W. Fan, G. Tian et al., “The sequence and de novo assembly of the giant panda genome,” Nature, vol. 463, pp. 311–317, 2010.
	A. Fujimoto, H. Nakagawa, N. Hosono et al., “Whole-genome sequencing and comprehensive variant analysis of a Japanese individual using massively parallel sequencing,” Nature Genetics, vol. 42, no. 11, pp. 931–936, 2010.
	R. Bonasio, G. Zhang, C. Ye et al., “Genomic comparison of the ants camponotus floridanus and harpegnathos saltator,” Science, vol. 329, no. 5995, pp. 1068–1071, 2010.
	S. S. Atanur, I. Birol, V. Guryev et al., “The genome sequence of the spontaneously hypertensive rat: analysis and functional significance,” Genome Research, vol. 20, no. 6, pp. 791–803, 2010.
	W. Z. Jirimutu, G. Ding, G. Chen et al., “Genome sequences of wild and domestic bactrian camels,” Nature Communications, vol. 3, article 1202, 2012.
	K. Saar, A. Beck, M.-T. Bihoreau et al., “SNP and haplotype mapping for genetic analysis in the rat,” Nature Genetics, vol. 40, no. 5, pp. 560–566, 2008.
	S. S. Atanur, A. G. Diaz, K. Maratou et al., “Genome sequencing reveals loci under artificial selection that underlie disease phenotypes in the laboratory rat,” Cell, vol. 154, no. 3, pp. 691–703, 2013.
	C.-J. Rubin, M. C. Zody, J. Eriksson et al., “Whole-genome resequencing reveals loci under selection during chicken domestication,” Nature, vol. 464, no. 7288, pp. 587–591, 2010.
	N. Navin, J. Kendall, J. Troge et al., “Tumour evolution inferred by single-cell sequencing,” Nature, vol. 472, no. 7341, pp. 90–95, 2011.
	J. Alföldi and K. Lindblad-Toh, “Comparative genomics as a tool to understand evolution and disease,” Genome Research, vol. 23, no. 7, pp. 1063–1068, 2013.
	G. Zhang, C. Cowled, Z. Shi et al., “Comparative analysis of bat genomes provides insight into the evolution of flight and immunity,” Science, vol. 339, no. 6118, pp. 456–460, 2013.
	E. B. Kim, X. Fang, A. A. Fushan et al., “Genome sequencing reveals insights into physiology and longevity of the naked mole rat,” Nature, vol. 479, no. 7372, pp. 223–227, 2011.
	Y. Fan, Z. Y. Huang, C. C. Cao et al., “Genome of the Chinese tree shrew,” Nature Communications, vol. 4, article 1426, 2013.
	Z. Wang, J. Pascual-Anaya, A. Zadissa et al., “The draft genomes of soft-shell turtle and green sea turtle yield insights into the development and evolution of the turtle-specific body plan,” Nature Genetics, vol. 45, pp. 701–706, 2013.
	A. de la Fuente, “From ‘differential expression’ to ‘differential networking’—identification of dysfunctional regulatory networks in diseases,” Trends in Genetics, vol. 26, no. 7, pp. 326–333, 2010.
	J. Zhang, R. Chiodini, A. Badr, and G. F. Zhang, “The impact of next-generation sequencing on genomics,” Journal of Genetics and Genomics, vol. 38, no. 3, pp. 95–109, 2011.
	D. Altshuler, R. M. Durbin, and G. R. Abecasis, “A map of human genome variation from population-scale sequencing,” Nature, vol. 467, pp. 1061–1073, 2010.
	E. Birney, J. A. Stamatoyannopoulos, A. Dutta et al., “Identification and analysis of functional elements in 1% of the human genome by the ENCODE pilot project,” Nature, vol. 447, pp. 799–816, 2007.
	I. Dunham, A. Kundaje, S. F. Aldred et al., “An integrated encyclopedia of DNA elements in the human genome,” Nature, vol. 489, no. 7414, pp. 57–74, 2012.
	M. B. Gerstein, Z. J. Lu, E. L. van Nostrand et al., “Integrative analysis of the Caenorhabditis elegans genome by the modENCODE project,” Science, vol. 330, pp. 1775–1787, 2010.
	S. Roy, J. Ernst, P. V. Kharchenko et al., “Identification of functional elements and regulatory circuits by Drosophila modENCODE,” Science, vol. 330, no. 6012, pp. 1787–1797, 2010.
	J. Ernst, P. Kheradpour, T. S. Mikkelsen et al., “Mapping and analysis of chromatin state dynamics in nine human cell types,” Nature, vol. 473, no. 7345, pp. 43–49, 2011.
	K. Y. Yip, C. Cheng, N. Bhardwaj et al., “Classification of human genomic regions based on experimentally determined binding sites of more than 100 transcription-related factors,” Genome Biology, vol. 13, no. 9, article R48, 2012.
	C. Cheng, K.-K. Yan, K. Y. Yip et al., “A statistical framework for modeling gene expression using chromatin features and application to modENCODE datasets,” Genome Biology, vol. 12, no. 2, article R15, 2011.
	X. J. Dong, M. C. Greven, A. Kundaje et al., “Modeling gene expression using chromatin features in various cellular contexts,” Genome Biology, vol. 13, no. 9, article R53, 2012.
	M. B. Gerstein, J. Rozowsky, K. K. Yan et al., “Comparative analysis of the transcriptome across distant species,” Nature, vol. 512, no. 7515, pp. 445–448, 2014.
	U. D. Akavia, O. Litvin, J. Kim et al., “An integrated approach to uncover drivers of cancer,” Cell, vol. 143, no. 6, pp. 1005–1017, 2010.
	Y.-A. Kim, S. Wuchty, and T. M. Przytycka, “Identifying causal genes and dysregulated pathways in complex diseases,” PLoS Computational Biology, vol. 7, no. 3, Article ID e1001095, 2011.
	 The Cancer Genome Atlas Research Network, “Comprehensive molecular characterization of gastric adenocarcinoma,” Nature, vol. 513, pp. 202–209, 2014.
	N. Agrawal, R. Akbani, and B. A. Aksoy, “Integrated genomic characterization of papillary thyroid carcinoma,” Cell, vol. 159, pp. 676–690, 2014.
	K. E. von Baer, Über Entwickelungsgeschichte der Thiere. Beobachtung und Reflexion, Gebrüder Bornträger, Königsberg, Germany, 1828.
	D. Duboule, “Temporal colinearity and the phylotypic progression—a basis for the stability of a vertebrate bauplan and the evolution of morphologies through heterochrony,” Development, pp. 135–142, 1994.
	R. Vassena, S. Boué, E. González-Roca et al., “Waves of early transcriptional activation and pluripotency program initiation during human preimplantation development,” Development, vol. 138, no. 17, pp. 3699–3709, 2011.
	T. Domazet-Lošo and D. Tautz, “A phylogenetically based transcriptome age index mirrors ontogenetic divergence patterns,” Nature, vol. 468, no. 7325, pp. 815–819, 2010.
	Z. Xue, K. Huang, C. Cai et al., “Genetic programs in human and mouse early embryos revealed by single-cell RNA sequencing,” Nature, vol. 500, no. 7464, pp. 593–597, 2013.
	D. Duboule, “Temporal colinearity and the phylotypic progression: a basis for the stability of a vertebrate Bauplan and the evolution of morphologies through heterochrony,” Development Supplement, pp. 135–142, 1994.
	A. C. Burke, C. E. Nelson, B. A. Morgan, and C. Tabin, “Hox genes and the evolution of vertebrate axial morphology,” Development, vol. 121, no. 2, pp. 333–346, 1995.
	X. J. Tian, J. E. Strassmann, and D. C. Queller, “Dictyostelium development shows a novel pattern of evolutionary conservation,” Molecular Biology and Evolution, vol. 30, no. 4, pp. 977–984, 2013.
	N. Irie and S. Kuratani, “Comparative transcriptome analysis reveals vertebrate phylotypic period during organogenesis,” Nature Communications, vol. 2, no. 1, article 248, 2011.
	R. Riedl, Order in Living Organisms, Wiley-Interscience, West Sussex, UK, 1978.
	M. K. Richardson, J. Hanken, M. L. Gooneratne et al., “There is no highly conserved embryonic stage in the vertebrates: implications for current theories of evolution and development,” Anatomy and Embryology, vol. 196, no. 2, pp. 91–106, 1997.
	S. Poe and M. H. Wake, “Quantitative tests of general models for the evolution of development,” American Naturalist, vol. 164, no. 3, pp. 415–422, 2004.
	O. R. P. Bininda-Emonds, J. E. Jeffery, and M. K. Richardson, “Inverting the hourglass: quantitative evidence against the phylotypic stage in vertebrate development,” Proceedings of the Royal Society B: Biological Sciences, vol. 270, no. 1513, pp. 341–346, 2003.
	M. K. Richardson, S. P. Allen, G. M. Wright, A. Raynaud, and J. Hanken, “Somite number and vertebrate evolution,” Development, vol. 125, no. 2, pp. 151–160, 1998.
	S. Poe, “Test of Von Baer's law of the conservation of early development,” Evolution, vol. 60, no. 11, pp. 2239–2245, 2006.
	M. K. Richardson, A. Minelli, M. Coates, and J. Hanken, “Phylotypic stage theory,” Trends in Ecology & Evolution, vol. 13, no. 4, p. 158, 1998.
	B. K. Hall, “Phylotypic stage or phantom: is there a highly conserved embryonic stage in vertebrates?” Trends in Ecology & Evolution, vol. 12, no. 12, pp. 461–463, 1997.
	T. A. Williams, “The nauplius larva of crustaceans—functional diversity and the phylotypic stage,” American Zoologist, vol. 34, pp. 562–569, 1994.
	A. T. Kalinka, K. M. Varga, D. T. Gerrard et al., “Gene expression divergence recapitulates the developmental hourglass model,” Nature, vol. 468, no. 7325, pp. 811–814, 2010.
	M. Ninova, M. Ronshaugen, and S. Griffiths-Jones, “Conserved temporal patterns of microrna expression in drosophila support a developmental hourglass model,” Genome Biology and Evolution, vol. 6, no. 9, pp. 2459–2467, 2014.
	M. Long, E. Betrán, K. Thornton, and W. Wang, “The origin of new genes: glimpses from the young and old,” Nature Reviews Genetics, vol. 4, no. 11, pp. 865–875, 2003.
	T. Domazet-Lošo, J. Brajković, and D. Tautz, “A phylostratigraphy approach to uncover the genomic history of major adaptations in metazoan lineages,” Trends in Genetics, vol. 23, no. 11, pp. 533–539, 2007.
	T. Domazet-Lošo and D. Tautz, “Phylostratigraphic tracking of cancer genes suggests a link to the emergence of multicellularity in metazoa,” BMC Biology, vol. 8, article 66, 2010.
	M. Quint, H.-G. Drost, A. Gabel, K. K. Ullrich, M. Bönn, and I. Grosse, “A transcriptomic hourglass in plant embryogenesis,” Nature, vol. 490, no. 7418, pp. 98–101, 2012.
	K. Nei, Molecular Evolution and Phylogenetics, Oxford University Press, New York, NY, USA, 2000.
	M. Lynch and J. S. Conery, “The evolutionary fate and consequences of duplicate genes,” Science, vol. 290, no. 5494, pp. 1151–1155, 2000.
	B. Piasecka, P. Lichocki, S. Moretti, S. Bergmann, and M. Robinson-Rechavi, “The hourglass and the early conservation models—co-existing patterns of developmental constraints in vertebrates,” PLoS Genetics, vol. 9, no. 4, Article ID e1003476, 2013.
	K. K. Yan, D. Wang, J. Rozowsky, H. Zheng, C. Cheng, and M. Gerstein, “OrthoClust: an orthology-based network framework for clustering data across multiple species,” Genome Biology, vol. 15, no. 8, article R100, 2014.
	L. Yan, M. Yang, H. Guo et al., “Single-cell RNA-Seq profiling of human preimplantation embryos and embryonic stem cells,” Nature Structural & Molecular Biology, vol. 20, no. 9, pp. 1131–1139, 2013.
	T. Liu, L. Yu, G. Ding et al., “Gene coexpression and evolutionary conservation analysis of the human preimplantation embryos,” BioMed Research International, In press
	Q. Deng, D. Ramsköld, B. Reinius, and R. Sandberg, “Single-cell RNA-seq reveals dynamic, random monoallelic gene expression in mammalian cells,” Science, vol. 343, no. 6167, pp. 193–196, 2014.


EPUB/Navigation/nav.xhtml


		

			

		  1. Introduction

		  2. Comparative Genomic and Comparative Transcriptomic Study

		  3. EVO-DEVO Studies for Understanding the Morphological Diversity of Species

		  4. Comparative Transcriptomics for the Embryo Developmental Studies

		  5. Discussion

		  References 





EPUB/Content/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  




