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“Game of ‘omes: The kingdom of DNA reflects a complex, episodic history of upheaval, recovery, and survival”







Jonathan F. Wendel1, Scott A. Jackson2, Blake Myers3, and Rod Wing4



1Author for correspondence. Department of Ecology, Evolution, & Organismal Biology, Iowa State University, Ames, IA 50011; jfw@iastate.edu



2 Center for Applied Genetic Technologies, University of Georgia, Athens, GA 30602.

1. Scott, Blake, Rod, please add middle initials and addresses here.  





2. Oh, I added the three of you alphabetically, but if you wish to have a different order, please talk amongst yourselves and just let me know.



3. Everyone, please read, think about.  Suggest edits (if you have any) for everyone’s section, not just your own, please – this paper needs to have one voice.  Also, I suspect that this is likely to be widely cited and read, so imho it is worth the little bit of extra investment to get it right.  Thank you.




Readers of Genome Biology likely will agree that we are living in a tremendously exciting time to be a biologist, perhaps one that in the future will be thought of as a “golden era”, replete with technological and conceptual breakthroughs. These are synergistic twins, of course, whereby novel analytical methods lead to applications that generate biological discoveries that are conceptually transformative. Nowhere is this more evident than in genome biology, where massively parallel sequencing approaches have revealed genomic structures in exquisite detail, leading to myriad insights regarding genomic function and evolution. Our purpose in this short review is to highlight progress in this realm for plant genomes, with a focus on crop plants and several key insights that have emerged during the “genomics era”.  We highlight the signal realizations that modern plant genomes derive from processes set in motion by a history of repeated, episodic whole-genome doubling events, and that their extraordinary variation in genome size largely reflects the differential proliferation and survival of various classes and families of transposable elements, in a lineage-specific manner. We further provide an entry into the burgeoning world of small RNA biology, and the connections between genomic architecture and small RNA function. As our focus is on revelations derived mostly from crop plant genomes, we close with some perspectives on the relevance of plant genomics to crop improvement and food security.



Whole-genome doubling: wash, rinse, repeat 



One of the signal realizations of the “genomics era” is that whole genome doubling (WGD), or polyploidy, is far more prevalent in the evolutionary history of plants than previously recognized. Classical estimates based on comparative cytogenetic studies [1-3] and more recently from stomatal guard cell sizes [4], have indicated that chromosome doubling is common in many genera and families, with estimates of the frequency of polyploidy ranging mostly from 35% - 70%. Thus, polyploidy has long been appreciated as important in angiosperm diversification and as an active mode of speciation in many groups. These polyploid species may arise by several means [5], arising within individuals or following hybridization between closely related populations (autopolyploidy), or from interspecific or more rarely intergeneric hybridization events (allopolyploidy)[6]. 



Notwithstanding this historical recognition of the importance of WGD in plants, genomic analyses over the past decade have demonstrated that all flowering plants are polyploid, and multiply so [7-9]. In fact, the phylogenetic history of angiosperms abounds with WGD events, with these superimposed on earlier duplications tracing to early during angiosperm evolution, and before that at the root of the seed plants [7]. Our understanding of the cyclical nature of polyploidy was presaged by analyses of ESTs (expressed sequence tags) in many different plants, which demonstrated “peaks” of sequence similarity among genes within genomes, representing multiple gene duplicates that collectively point to a saltational origin [10]. In many cases there were several such peaks within individual genomes, ostensibly reflecting progressively more ancient WGD events. This emerging view of the canonical angiosperm genome as one that has experienced multiple episodic polyploidy events has been confirmed by the recent explosion in genomic sequencing efforts (Table 1), which reveal a widespread pattern of nested, intragenomic syntenies, often shared among close relatives but varying widely and in a lineage-specific fashion among different angiosperm groups. Thus, we may rightfully replace the obsolete question “is this species polyploid?” with the more appropriate “when, and how many rounds of genome doubling, have occurred in the history of this particular genome?” 



In view of this enhanced appreciation of the history of plant genomes, one might ask why it was not recognized earlier? The answer to this question lies in the equally surprising spectrum of genomic mechanisms set in motion by polyploidy [11-19], which range in timing of operation from those accompanying initial genomic merger and doubling, to others operating over millions of years. As modeled in Figure 1, on shorter time-scales, the immediate responses to polyploid (mostly allopolyploid) formation include DNA-level responses such as reciprocal or non-reciprocal homoeologous exchange, mutational loss of duplicated genes, inter-subgenomic spread of transposable elements (which may be activated by genome merger and polyploidization), and divergence in molecular evolutionary rates, and expression-level responses including a variety of forms of duplicate gene expression bias as well as sub- and neo-functionalization. Longer-term responses included, reduction in chromosome number, and the large-scale loss of both repetitive sequences and duplicate genes [20-22]. Thus, new polyploids, most of which in actuality are themselves cyclically paleopolyploid, experience massive loss of “redundant” DNA and chromosome restructuring, or recurrent genome downsizing [22], in the process becoming diploidized by mechanistically diverse processes, such that contemporary descendants once again behave cytogenetically as normal diploids while harboring in their genomes the vestigial evidence of past WGD events. 



An intriguing facet of this cyclical process of genome downsizing is that it may be non-random with respect to the fate of duplicate genes. Relevant evolutionary forces include those emerging from the selective demands of stoichiometry, or the necessity of maintaining balanced protein interactions, and a host of other possibilities involving higher order interactions of protein function within biological networks [23-26]. While much remains to be learned in this active area of investigation, genes restored to single copy status typically display both a broader expression domain and higher expression levels than those retained in duplicate; they also are enriched for essential housekeeping functions, genes targeted to the chloroplast, and those that function in DNA replication and repair [23]. 



A second, fascinating aspect of this “duplicate gene diploidization” phenomenon is that the origin of the retained genes, versus those that are lost, may be strikingly non-random with respect to the two donor diploid genomes. This “biased fractionation” is a marvelous and utterly unexpected observation, now having been detected in both monocots and dicots [20, 27, 28], even for allopolyploid events that trace to the start of the Tertiary [29]. The evolutionary drivers of biased fractionation are incompletely understood, but likely include, in different taxa, the interplay among selection, adjacency of genes to transposable elements that might have a repressive effect on gene expression (and thereby render these genes more “expendable” than their homoeolog), and other factors [21, 29].



An exciting area for future research is exploring the connections between the shorter- and longer-term responses to WGD, from both molecular mechanistic and selective perspectives. This challenge will necessitate a multidisciplinary, integrative approach across disciplines and scale of biological investigation applied to multiple model allopolyploid systems, as well as in natural ecological settings. 



What are the broader implications of this new and improved view of the origin of modern angiosperm genomes? Perhaps this perspective is fundamental to much of plant biology, as so many different processes, be they metabolic, physiological, or ecological, are specified by the size and functional diversification of contemporary multigene family structures, gene expression patterns, and the systems biology context of various genomic residents, all operating within a genomic milieu of TEs and small RNAs (see following sections) resulting in part from the survivors of past “wash-rinse-repeat” cycles of polyploidization followed by non-random and incomplete diploidization. These endpoints, having been shaped by diverse selective and, presumably, neutral forces, have generated the genic and genomic architecture that underlie all plant phenotypes, be they physiological, ecological, or morphological [8, 23, 30, 31].



Plant genome sequences: palimpsests of WGDs	Comment by Jonathan Wendel: Scott, I rewrote some of your text, deleted just a bit, re-ordered other parts.  Please study it again, now with fresh eyes. Will you please think about your text a bit more and re-do the final paragraph (which is rough), and also imbue the ending with something prospective, as I did with my section?  I think that both aspects of this are necessary.  And then, of course there is the long Table 1 with citations in Endnote needed.

Thanks…

 

“The history of the earth is recorded in the layers of its crust; the history of all organisms is inscribed in the chromosomes.” H. Kihara [32]



On completion of the first plant genome, Arabidopsis thaliana, it was already clear that even the 

‘simplest’ of plant genomes were mosaics of multiple rounds of polyploidies [33]. Since that time, dozens of additional genomes have been sequenced, including those of many crop plants (Table 1)[34]. Much like ancient palimpsests, sequenced genomes metaphorically reveal, at the sequence level, the reused manuscript pages from previous authors, or as described above and in Fig. 1, the nested remnants of previous WGD events. Many of these surviving duplications regulate gene activity and function, so genomic archaeology and even paleontology are essential to reveal the scriptio inferior, the history and hidden messages contained in genome sequences. 



One revelation emanating from these studies concerns the genesis of the extraordinary variation in plant genome sizes [35-37]. While it has long been recognized that WGD events comprise an obvious route to genome expansion, there are many ‘diploid’ species with enormous genomes. For example, the barley genome is ~11.5 times larger than that of another cereal, rice (5.1 Gpb vs. 0.43 Gbp). It is now clear that in addition to polyploidy, genome size may saltationally increase due to rapid proliferation of transposable elements [38], notwithstanding mechanisms for removal of these elements [39]. Lineage-specific amplification of TEs is common in plants, even among closely related species, e.g. subspecies of domesticated rice, Oryza sativa (+2%) and O. japonica (+6%) [40]. Within the same genus, an even more dramatic examples are is provided by O. australiensis, which has a genome size nearly double that of O. sativa, due almost entirely to three individual retrotransposons that added ~400 Mbp of DNA in the past few million years [41], and a clade of Australian cotton (Gossypium) diploids that have a nearly three-fold larger genome than those of the American diploid clade, due to the net effects of lineage-specific proliferation as well as deletion of different families of TEs [42, 43]. These examples reflect highlight a fundamental realization that the majority of plant genome size variation reflects these key dynamics of TE proliferation and clearance, superimposed on this history WGD described in the previous section [36, 37]. Although this pattern is now clear, far less is understood regarding the underlying causes of TE proliferation. Why do are some TEs amplifiedy in some genomes but not in others, even when present? What ecological or environmental mechanisms govern or cue these releases? For instance, the elements that resulted in doubling of the O. australiensis genome are present in other Oryza lineages but have not dramatically increased in copy number.



One of the noteworthy observations about plant genomes is that despite their extraordinary range in size, from the tiny 60 Mb genome of Genlisea aurea to the enormous 150+ Gb genomes of Paris japonica, they collectively display little variation in gene content [44]. This reflects the twin features that TE proliferation dwarfs tandem or dispersed gene duplication as a process for magnifying genomic DNA content, and long-term genomic fractionation with its accompanying loss of most gene duplications following WGD, as illustrated in Fig. 1.



Most of the insights about plant genomes reflect the rapid advances in sequencing technology, which have allowed large, complex genomes to be sequenced as well as smaller genomes (Table 1).  The quality of genome sequences varies considerably, however, reflecting the level of effort invested in depth of short-read technology with complementary methods that increase contiguity. The complexities of recent polyploidy have been, until recently, quite vexing, due to the high sequence similarity among recently merged or doubled genomes. This has has been particularly been true the case for large allopolyploid genomes, such as that of wheat, Triticum aestivum, for which a high-quality reference genome remains in development. Highly similar repetitive elements tend to be missing from whole genome assemblies, an important consideration not just for genome completeness per se, but also because of increasing evidence that many of these repeats are the primary targets of epigenetic/chromatin remodeling pathways (see next section), and that they often affect the expression or structure of genes [37, 45]. 



Reference genome sequences are but snapshots — genomes frozen in time and space. However, plants continue to evolve, adapt and radiate, thus, the genetic variation revealed in a single genome sequence does not adequately represent the genome variation present within a species. Reference genomes can be used to ‘map’ resequencing data from additional accessions resulting in a picture of genetic variation within a crop or a species (REFS). Resequencing does not efficiently capture large, non SNP or small InDel, type variation (REF) and is limited in that the efficiency of mapping short sequences is negatively affected by sequence divergence and transposable element activity.  Pan-genomes have emerged as a tool to more effectively capture sequence variation across a species (REFfirst in bacteria, REF). In its ultimate formOne approach to maximize the capture of genomic diversity in a pan genome is to sequence, multiple reference-like genomes are sequenced providing a basis to analyze large-scale variation across a species, e.g. wild soybean (Glycine soja), such that diverged and re-arranged sequences can mapped and analyzed..  Pan-transcriptomes can also be used as a tool to explore genic variation across a large number of accessions (REF) for a fraction of the cost of resequencing or de novo genome assemblies; although, this approach would not capture intergenic sequences that are known to play roles in gene regulation.. 	Comment by Scott Jackson: Jinsheng Lai, Ruiqiang Li, Xun Xu, Weiwei Jin, Mingliang Xu, Hainan Zhao, Zhongkai Xiang, Weibin Song, Kai Ying, Mei Zhang, Yinping Jiao, Peixiang Ni, Jianguo Zhang, Dong Li, Xiaosen Guo, Kaixiong Ye, Min Jian, Bo Wang, Huisong Zheng, Huiqing Liang, Xiuqing Zhang, Shoucai Wang, Shaojiang Chen, Jiansheng Li, Yan Fu, Nathan M Springer, Huanming Yang, Jian Wang, Jingrui Dai, Patrick S Schnable & Jun Wang. 2010. Genome-wide patterns of genetic variation among elite maize inbred lines. Nat Genet. doi:10.1038/ng.684
Xun Xu, Xin Liu, Song Ge, Jeffrey D Jensen, Fengyi Hu, Xin Li, Yang Dong, Ryan N Gutenkunst, Lin Fang, Lei Huang, Jingxiang Li, Weiming He, Guojie Zhang, Xiaoming Zheng, Fumin Zhang, Yingrui Li, Chang Yu, Karsten Kristiansen, Xiuqing Zhang, Jian Wang, Mark Wright, Susan McCouch, Rasmus Nielsen, Jun Wang & Wen Wang. 2012. Resequencing 50 accessions of cultivated and wild rice yields markers for identifying agronomically important genes. Nat. Biotech. doi:10.1038/nbt.2050	Comment by Scott Jackson: Hirsch CN1, Foerster JM, Johnson JM, Sekhon RS, Muttoni G, Vaillancourt B, Peñagaricano F, Lindquist E, Pedraza MA, Barry K, de Leon N, Kaeppler SM, Buell CR. 2014. Insights into the Maize Pan-Genome and Pan-Transcriptome. Plant Cell. doi: 10.1105/tpc.113.119982.

 

Small RNAs, mediators of interactions in duplicated genomes	Comment by Jonathan Wendel: Feel free to add key citations/reviews if there are others you think of



It is interesting to contemplate the differences in scale for the three signal realizations about plant genomes that we are highlighting here. While polyploidy and transposable elements represent entire genomes and their most abundant constituents, respectively, the third revelation about plant genomes surrounds their smallest functioning molecules, namely, small RNAs [46, 47]. These molecules encompass three major classes that have distinct roles: (1) mRNA-encoded miRNAs, produced by the processing activity of DICER-LIKE1, DCL1; (2) secondary siRNAs, also processed from mRNAs by a Dicer (DCL4) and typically with a phased (as “phasiRNAs”) configuration, which may function against other genes as trans-acting siRNAs (tasiRNAs); (3) heterochromatic siRNAs (hc-siRNAs), derived from precursors transcribed by plant-specific Pol IV and Pol V enzymes. Each of these three classes of small RNA functions has a suppressive activity: 21- or 22-nt mature miRNAs reduce proteins or mRNAs of their target transcripts in diverse pathways often related to development or stress responses, 21- or 22-nt tasiRNAs or phasiRNAs have roles that may be similar to miRNAs or an even broader set of as-yet uncharacterized roles, and hc-siRNAs function as “guardians of the genome”, providing stable, multigenerational protection against invasive transposons. Extensive analysis of sequenced plant genomes has demonstrated distinct evolutionary paths and influences for each of these classes of small RNAs, reflecting their functional roles [46, 47]. 	Comment by Jonathan Wendel: Act against proteins?  Re-word?	Comment by Jonathan Wendel: For consistency, specify length range, e.g., 23-25 nt (mostly 24), or something like that



The evolution of plant miRNAs has both similarities and differences with protein-coding gene evolution. Mature miRNAs are processed from precursor genes (“MIRNAs”) that are influenced by the same events occurring at the whole-genome scale that shape gene and genome evolution, including polyploidy and other mechanisms underlying gene duplication [48]. Like protein-coding genes, the emergence of lineage-specific miRNAs is relatively common, beyond a core set of well-conserved miRNAs [49]. In perhaps the best examined case to date, in soybean, duplicated (i.e. multi-copy) MIRNAs were observed to be retained at a higher rate than were single-copy miRNAs, based on both functional constraints and local genomic stability [48]. The evolutionary basis for this finding is unclear, but could reflect a functional importance for the dosage of miRNAs when target genes are also duplicated. As a consequence of genomic duplications, some well-conserved miRNAs are found in higher copy numbers in recent polyploids; for example, the miR165/166 family is found in 22 copies in the recently duplicated soybean genome, more than twice the nine copies observed in the Arabidopsis genome. This high dosage is not yet known to have functional relevance, but it is possible that the evolutionary decay of duplicated MIRNA genes is slowed because the functionally relevant portion of the mRNA precursor of a miRNA is the hairpin structure, just a few hundred nucleotides in length. Other than their promoter elements, strong selective sequence conservation is likely largely limited to the nucleotides within the hairpin needed for processing, plus those in the mature miRNA required for successful targeting. The net effect is that, relative to a coding gene, there may be few positions at which mutations would be functionally equivalent to a nonsense or missense mutations, and hence miRNAs may have a longer half-life than coding genes following WGD events. 	Comment by Jonathan Wendel: The phrase is vague; reword please



Like miRNAs, phasiRNAs are also generated from mRNAs and thus their precursors (“PHAS” loci) are duplicated or lost through major chromosomal events. The important nucleotides for phasiRNA mRNA precursors include promoter elements, the miRNA target site, and the typically few phasiRNAs that have important targets, such as the 21-nt “tasiARF” in TAS3 (xxx). Thus, as with MIRNA genes, phasiRNAs may be slower to pseudogenize than protein coding genes and thereby be retained after polyploidization events longer than protein coding duplicates. Independent of polyploidy events, analyses of the Medicago and soybean genomes have demonstrated the emergence of spontaneously emerging PHAS loci in both lineages. Both genomes encode non-conserved, flower- or anther-enriched PHAS loci, some of which appear to target transposons, perhaps as a mechanism to suppress TE activity during reproduction (Zhai 2011 G&D; Arikit et al. 2014). A more extreme example is the amplification of PHAS loci in the grasses to about 600 in maize [50] and more than 1000 in rice and Brachypodium [51], precursors to anther-enriched phasiRNAs of unknown function; this class of lncRNAs is absent in dicots and Amborella, a primitive angiosperm [44], suggesting that a significant amplification of this gene family occurred within the monocots or perhaps only the grasses. Additional non-grass, monocot genomes will be highly informative for future studies of the evolution and divergence of these reproductive PHAS loci. 	Comment by Jonathan Wendel: Not sure what these two are	Comment by Jonathan Wendel: Something not quite right here, Blake; can you break this into two sentences and clarify?



Relative to miRNAs and phasiRNAs, hc-siRNAs, as derivatives of transposable elements, are subject to numerous stochastic and selective evolutionary forces that shape genomes. These small RNAs function as primary defenses against “invasive” TEs, yet they are derived directly from TEs by the specialized pathway of RNA-directed DNA methylation (RdDM) [52]. They thus serve as a sort of “vaccine” against deleterious elements, and like some vaccines, are element-derived fragments long enough to direct genomic defenses but are far too short to represent a functional portion of a TE. 	Comment by Jonathan Wendel: Does this comment require a citation?  There are vaccines that are element-derived, as the sentence implies?  Or do you mean small antibodies derived from epitopes that represent only a tiny portion of a protein?  If the latter, you might wish to spell this out for a  reader – it 



Because hc-siRNAs are believed to function in trans to direct silencing at related elements via sequence homology, we can speculate that there are novel and important interactions between the two suites of divergent hc-siRNAs and TEs that become suddenly merged within the same genome during allopolyploidization events. One possible outcome of this form of biological reunion is that hc-siRNAs function to suppress TEs both in cis and in trans, and hence that TEs are no more likely to mobilize than in the originally separate genomes. Alternatively, perhaps TEs escape silencing by flying under the genomic surveillance radar and thereby proliferate, invading new genomic space with myriad impacts on genomic structure and gene evolution [37] – particularly if there are opportunities through reproduction when TE silencing is less effective. Inasmuch as the TE complement of plant genomes usually consists of various TE families that massively amplified through ancient bursts of proliferation (e.g., the three elements of O. australiensis mentioned above), it seems likely that many of these genomic explosions represent “failure of the vaccine”, an escape from detection and suppression. The proximal cause of bursts of TE proliferation is not understood, but may involve poorly described mechanisms that disable defenses via suppressors of silencing or ephemeral developmental moments when RdDM is less active in germline cells. 	Comment by Jonathan Wendel: This is a super-important paragraph, as it ties together so much of what we are describing.  Could you please look at it again?  I feel like here, for example, is where we need to insert a sentence that states something like this:  “Indeed, interspecific hybridization and WGD events have been shown to be accompanied by a burst of TE proliferation (refs, refs)”.  You might even invoke Barbara McClintock and her concept of “genomic shock” here, as described by Sue Wessler, likely Jeff Bennetzen, maybe Mark Ungerer in hybridizing sunflowers.  Anyway, I like this train of thought, and it beautifully connects the previous two sections.	Comment by Jonathan Wendel: Cite slotkin/martienssen stuff here??  And, this also would be a good location to cite the TE burst following hyb. papers



Plant genome sequences provide innumerable insights into this paloegenomic record, but as with all paleontology not all features fossilize equally well and the record is incomplete. Genomes of the approximately 300,000 flowering plant species exhibit extraordinary variation in size and their complement of genomic residents, representing the outcome of temporally dynamic and phylogenetically variable, even idiosyncratic, interplay among WGD events, TE proliferation, and small RNA-mediated regulatory evolution, all molded by even more complex biotic and abiotic interactions between the organisms and their environment. It is an exciting prospect to contemplate research agendas that utilize experimentally tractable systems, including synthetic polyploids and their natural relatives, ……..   etc. etc…  trans-disciplinary, trans scale, etc..high quality genome sequences, and methods to measure small RNAs, DNA methylation and chromatin modifications.	Comment by Jonathan Wendel: Blake, I tried a different concluding paragraph, noting that you can easily improve my effort, especially the final sentence but maybe the whole thing.  I think, though, that is the tone we wish to adopt, yes?
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