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1. Introduction Genoniics Faculty position at The Institute for Genomic Research (TIGR,
Plant and animal genomes share many common featuresno" JCVI), where he is working on maize, wheat, and other grasses’
such as the pres ence of introns and, in many cases, a | arg ﬁ\noonrgegthisr \;Jvriljlezfs.castor bean and cassava comparative genomics,
proportion of repetitive elements. However, there are sig- o
nificant differences between higher plant genomes and thosehuge efforts have been devoted to elucidating the sequence
of higher animals, particularly mammals. For example, while Of several genomes, shedding light on many fundamental
the size of mammalian genomes ranges approximatelybiological processes. Driven by an interest in curing and
between 2.5 and 3 Gigabase pairs (Gbf)plant genomes diagnosing human diseases, a number of initiatives have been
can vary by several orders of magnitufeFor instance, the ~ Put forward to encourage development of faster and cheaper
genome ofSelaginella an early divergent vascular plant, is genomic sequencing methodologiés® which are equally
estimated to be around 0.12 Gband the genomes of some  applicable to plant genomé&Consequently, new sequencing
lilies may reach over 100 Gbp. The number of genes in thesetechnologies with increased throughput and reduced costs
genomes, however, does not vary proportionally to their have emerged, but there are still many hurdles to overcome
sizel® Rather, a large amount of repetitive DNA accounts before they can replace the widely used fluorescence capillary
for most of the genome size differences. Another factor €lectrophoresis-based Sanger sequencing method (http://
affecting genome size in plants is polyploidy. It has been Www.appliedbiosystems.com). Some of these new method-
estimated that over 70% of angiosperm species haveologies, such as highly parallel pyrosequencing (454 se-
undergone one or more cycles of polyploidizatidrOver quencing}* and massively parallel sequencing by synthesis
evolutionary time polyploids may go through a process of (Solexa’s Clonal Single Molecule Array technology; http:/
diploidization in which duplicated genes tend to be eliminated Www.solexa.com/technology/sbs.html), can deliver large
unless they acquire new functions. In the ancient tetraploid @mounts of DNA sequence data in a short period of time,
genome of maize, for example, one of the two members of and the cost per base is reduced compared to Sanger
the homoeologous gene pairs, has been lost in about onesequencing. These and other emerging sequencing technolo-
half the cases studiéd;!4 and diploidization of low-copy  gies? however, have a major limitation in the short length
sequences as well as ribosomal RNA genes has also beefr~30-250 bp) of each individual sequence read, making data
observed in the polyploid soybean genoth. unsuitable for large-scale assembly. When a large and
Genome function and evolution can be best studied if a 'epetitive genome is broken into pieces for sequencing the
genome sequence is available, and during the last 15 year$00 bp reads produced by typical capillary electrophoresis
sequencing allow assembly of the original genomic sequence
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guenced ones (resequencing), shorter reads may not possize typically between 100 and 150 kilobase pairs (kbp).

such a significant problem and the production speed and otherThese libraries must consist of enough clones to represent

advantages of the new technologies make them very promis-10—20 genome equivalentd A subset of the BAC clones

ing. in the libraries that span the whole genome with minimal
Because 454 sequencing technology does not involveoverlaps at the ends is selected for sequencing.

cloning DNA in E. coli, strategies that combine classical  Twg different methods are used to select this minimal set
Sanger sequencing with 454 technology have proven to beof BAC clones. One method identifies certain BACs as “seed
an efficient approach to sequencing genomes that are difficult clones” to be completely sequenced. In addition, the ends
to clone due to sequence compositidhlevertheless, Sanger  of gl the clones in the library are sequenced. Comparison
sequencing continues to be the method of choice for of the BAC ends and the seed clone sequences allows
sequencing large genomes such as mammaliarfohbtany  jdentification of one minimally overlapping clone at each
animal genomes are being or will be sequenced using thisenq. These clones are then completely sequenced, and a new
technology;**® and three plant genomes have also been gjignment to the BAC-end sequences is performed to identify
sequenced at high levels of accurd€y? Several more plant  pew minimally overlapping clones at the distal ends. This
genomes have been sequenced reaching lower quality levelgrocess is iterated so that each chromosome can be com-
or are in progress, though at a slower pace than their animalp|e»[e|y sequenced. Prior knowledge of BAC clones that
counterparts. Some examples of ongoing plant genomegre distributed throughout the genome accelerates the
sequencing projects include crops such as maize, sorghumprogress toward complete coverage of the genome. This
tomato, potato, castor bean, and peach, emerging modejnformation can be obtained by hybridization of all clones
plants such aBrachypodiumnonvascular plants such as the iy the BAC library against molecular markers that are
mossPhyscomitrella patensncient vascular plants such as - gcattered around the genome as determined by their location
Selagmel!a moellendorf_ﬂand flowe_rlng plants relevanp for in the genetic map. This method, known as “map as you
comparative and evolutionary studies such as columbine andyo”, requires identification of evenly separated seed clones
close relatives ofArabidopsis (http://www.jgi.doe.gov/ prior to starting sequencing. Otherwise, there is a risk of
sequencing/why/index.html, http://www.sgn.cornell.edu/ |eaving large regions of the genome with no seed clone,
about/tomato_sequencing.pl, http://www.potatogenome.net/yesylting in delays until such regions are sequenced. Also,
index.htm; http://castorbean.tigr.org, http://www.maizese- serious misassemblies can be generated in the rare but
quence.org). The slower rate at which new plant genomespossible case in which a chimeric clone is selected as seed,
are sequenced is due to not only a lower level of funding ang complications arise when nearly identical sequences to
that plant genomic research receives relative to animal andihose in BAC ends are repeated elsewhere in the genome or
human research but also the fact that many important plantjf te assembly of the seed BAC sequence is incorrect.
genomes are extremely large and contain a high proportion The second method makes use of a physical map of the

of conserved repetitive elemerits. genome in which all BAC clones are positioned relative to

Two whole genome sequencing strategies have been . X .
commonly useé;for both an?mal ang plant g%nomes One is 82¢h other. This BAC-based physical map is constructed by
' determining the pattern of fragments of each clone when

the whole genome shotgun approach (W&Sjhere the igested with a restriction endonuclease. The size of the

ends of random genomic clones are sequenced at large scal tagments is determined by running the digestion products

The second strategy is the bacterial artificial chromoséme . . ;
(BAC)-based app%yach in which selected large-insert ge- " 29arose gels and imaging the pattern of bands so that the
size calling can be done automaticaltyMore recently,

nomic 'clones are completely sequenced. Both of thesemuIticoIor fluorescent capillary electrophoresis (high infor-
strategies can yield the sequence of nearly an entire genome, .- content fingerorinting or HICF) has been applied to
which in the case of large plant genomes consists mostly Ofincrease the amougnt gf inforgmation er BAC clone p(Fe)nhanc-
repetitive elements. Except in the cases when they affectin the resolution of the maf§37 All ptt ms of restriction
expression of nearby genes, repetitive elements are constix 9 ; patierns of restrictio

tuted of “parasitic’ DNA with the only function of self- fragments are then compared to each other using the FPC

propagation. Therefore, their repeated sequence contains Iittle(rzggkeerﬂrr;rf]é?%:gg;'%)as\/%ﬂﬁggl%%’,xg E';?: 'ggf;?gtrﬁ;eﬁugrﬁgeer“c
information relative to the amount of data, and sequencing :

approaches that capture the exonic and/or entire genic regiong
avoiding the repetitive DNA are fast and affordable alterna- ;
tives to whole genomic sequencing. Such technologies are
generally called gene-enrichment techniques. This review
starts with a general introduction on plant whole genome

sequencing strategies as a prelude to discuss gene-enrlchmeextracted from the physical map, and the sequence of the

techniques for large and highly repetitive plant genomes andgenome can be efficiently determined by sequencing those

how these techniques compare and may synergize with the : ,
traditional whole genome sequencing methods. clones in the MTP. Use of a physical map to select BAC

clones to sequence represents a significant additional effort
. ) that the seed clone method does not require. However, when
2. BAC-Based Plant Genomic Sequencing the physical map is anchored to thg genetic map (for
The genome of the model plaatabidopsis thalianavas example, by hybridizing molecular markers from the genetic
the first plant genome to be sequenced, and the project wagnap to the BAC clones) it represents a powerful resource
carried out by an international consortitimising a BAC-  that accelerates map-based cloning of interesting genes,
based approach. The resulting product shows a high degredustifying the efforts invested.
of accuracy and completeness. In a BAC-based strategy, one In either BAC-based genome sequencing method once
or more BAC libraries are constructed with an average insert BAC clones are selected they are sequenced by a random or

f fragments of the same size that are present in any two
iven clones. If a significant number of fragments are
shared” by two clones they are considered to overlap. Then
FPC assembles overlapping clones into physical “contigs”
and the physical map is constructed. A set of minimally
R%/erlapping clones (minimal tiling path or MTP) can be
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“shotgun” approach in which the clone DNA is mechanically of a genome can be achieved as in the case of the 500 Mbp
sheared and cloned for sequencing at high redund&rféy. poplar genomé’

The overlapping sequences are then assembled using com- However, the WGS strategy is not an efficient way to
putational methods to reconstruct the BAC sequé&né®e approach large plant genomes, where repetitive elements,
(nttp://www.phrap.org). A high-quality sequence is obtained mainly retrotransposori§,can account for up to 90% of the

by manually completing gaps and/or low-quality regions in genomic DNA?354 Although mammalian genomes are also
the assembled sequence in a time-consuming process calleslastly repetitive, plant repetitive elements differ from those
finishing#” Subsequently, consensus sequences of adjacenbf mammals in that they often belong to very conserved
(partially overlapping) BACs are stitched together, and the families>3 This is probably due to the fact that evolutionarily
genome sequence is constructed. The genomes of rice andecent induction of retrotransposon activity resulted in sudden
Arabidopsisvere completed in this way, meeting the quality expansions of retrotransposon familf@sAnother charac-
standards set for the human genome. In many other casegeristic of plant retrotransposons is that they tend to insert
only a “draft” sequence is pursued and partial or no finishing into each other forming large stretches of nested repetitive
is carried out. elements in intergenic regiof%.5! This is different than the
observed distribution of repetitive DNA in mammals, where
transposable elements are often inserted in introns inside
genes. This abundance of nearly identical repetitive se-

After completion of the human genome sequence by two dueénces in large plant genomes is a major problem for the
separate efforts, one using a BAC-based stratagg another assembly programs. Repetitive elements from multiple
using a WGS stratedyit became clear that both are valid locations in the genome tend to be assembled together,
approaches to sequence the large genomes of higher eukary@réventing building of long intergenic sequences. Thus,
otes, and even combined approaches have been pursued fgiPplication of a WGS strategy to a large plant genome may
other mammalg? Although its product is often a more efficiently assemble the low-copy fraction of the genome,
discontinuous genome sequence than that achieved by th&vhich includes most genes, but itis likely that misassemblies
BAC-based method, the WGS approach has the advantagéN'" occur in the repetitive intergenic regions, reducing the

of being faster and more affordable. Therefore, WGS has contiguity of the overall assembly of the genome.
been frequently applied to eukaryote genomes including Because plant whole genome sequencing approaches that

relatively small animal and plant genomes during the last €@ deliver highly accurate and contiguous sequences are
several yeard 27314849 very costly, sequencing strategies to quickly capture low-

. . - . copy or protein-coding sequences in the genome (gene-

The WGS strategy is basmally similar to Fhat desc_rlbed enriched genomic sequencing) have become common in
above for BAC shotgun sequencing. It was first used in the ocant years
early 1980s to sequence a clone containing a few kbp '

fragmerllt of ak rﬂito?hondrial genome using DNase | to 4, Chromosome-Specific Library Construction
e e PN L ama _ The biggest challenge i posed by genomes such et
. . Ce of common wheat, which, in addition to its extremely large
applied to a cloned fragment of a viral genome, this time size (16 Gbp) and high level of repetitiveness, has the
mechamcally sh.earlng the DNA using son_mat‘iéﬁ;urrent_ly, complication of being a recent polyplofdlt is corﬁposed
genomic DNA is mepharncally broken in _random PIECES, of three highly similar genomes, posing an additional
generally using nebulizatiéhor hydrodynamic forceSithe iicuity for assembly, as conserved low-copy sequences
fragment ends are made blunt with DNA polymerases and/ ¢;oy, separate homoeologous chromosomes can be errone-
or nuclease$] and they are then cloned into sequencing q51y merged together. One alternative to prevent this
vectors. Several libraries with different insert sizes are problem and, at the same time, reduce the complexity of the
cons_tructed, and the bqu. of the_ sequences are typicaIIygenome is to isolate chromosomes by flow cytometry and
obtained from the small-insert libraries. Each of these construct chromosome-specific libraries for sequencing.
libraries spans a-12 kbp fragment range (i.e.,~3, 6-8, WGS or BAC libraries can be built using DNA isolated from
and 16-12 kbp), and clones are sequenced from both e”ds-single chromosomes: 6 This approach has the limitation
Use of multiple libraries of different insert sizes compensates that not all chromosomes can be separated from the rest by
for possible library biases. A portion of the sequence data is gy cytometry in any species. In hexaploid wheat, only
also obtained from end sequencing of large-insert clones,chromosome 3B can be isolated using wild-type plants, but
such as BACs (over 100 kbiB)or lambda phage-derived  the rest of the chromosomes can be isolated from a collection
fosmid clones (about 40 kbf5)>*Such data are very useful  of aneuploid line$? Each plant in this collection contains
to assemble the genome into large pieces and resolve thenly one of the three members of each homoeologous
assembly of repeats. Genome assembly then takes place usinghromosome group that can be separated by flow cytometry.
informatic tools that align overlapping sequences and createThese lines can be exploited to isolate each of the 21 wheat
a consensus, contiguous sequence (sequence cBntfy). chromosomes and make libraries for sequencing and/or
Information on mate reads (sequences from both ends of thephysical mapping. This approach can be carried out in a
same clone) and average library insert size is used to aid indistributed way, having multiple sequencing centers, each
the assembly. Contigs can then be ordered and orientedone taking on the sequencing of one or more chromosomes
relative to each other when each of the end sequences fromor chromosome arms. The applicability of this approach to
a clone (usually large-insert ones) fall in different contigs. other large plant genomes will depend on the feasibility of
Such groups of linked contigs are called scaffolds. Scaffolds isolating chromosomes by flow cytomefi§Because the
can also be anchored to the chromosomes in the genome byamount of chromosomal DNA that can be isolated in a
aligning the sequence of molecular markers that have beenreasonable time is very limited, use of gene-enrichment
genetically mapped. In this way a high-quality draft sequence techniques in isolated chromosomes is not straightforward.

3. Plant Whole Genome Shotgun Sequencing
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5. Gene-Enriched Sequencing cannot capture the complete set of genes in a genome, their
efficiency for gene discovery and the expression and splicing
5.1. Expressed Sequence Tags information that they deliver make EST sequencing a robust

genomics methodology as a stand-alone approach or in
Because genes are the most commonly sought element$.ompination with other genomics resources.

in a genome, sequencing CDNA clones is an efficient method g E5Ts are random, single-pass sequences, different
to obtain predicted mRNA sequences and deduce the putativeseqences often correspond to partially overlapping or
proteins coded in them. At the same time, CDNA sequences yigterent regions of the same gene due to incomplete cDNA

provide evidence of the expression of the identified genes. o yihegis. ESTs can also be generated from both ends of
The sequencing of random cDNA clones was first proposed 51 cDNA clone, often resulting in complementary se-

as a rapid method for identifying geriésand clearly g ences. In order to reduce the redundancy of EST data and
expandable to the whole set of transcripts of an orgarifsm, 1axe it easier to handle, ESTs that share a high level of
now called the.transqupto.me. Later, the idea of Iarge-scalle sequence identity and are thus likely to correspond to the
cDNA sequencing to identify new genes and determine their g me gene can be clustered together into “unigene’®ets.
intron/exon structure was put to practice, and random cDNA 1o sequences in each cluster can also be assembled into a

" . . . \
_Sl_?lquenégi were %alldeql exlpreslse_d fseque_nce tags (E§T).h mixture of contigs and singletons that have been named in
ese S provided invaluable information to annotate the g g ways such as transcript assembifiegne indice$?

human %enome .T,equent::e.anﬂ bf(_ecamlg the mosL COMMOfnique transcript& etc. This procedure yields contiguous
approac 'ant only to Ob talnlt e first g |mps|e att ? 9€ne onsensus cDNA sequences that are longer than individual
content of a genome, but also as a complement for any eqtg The total number of resulting transcript assemblies
genome sequencing project. As a result, there were over 405,414 not be considered proportional to the number of
million ESTs in GenBank by the end of 2006, and the gyhressed genes in the genome because different assemblies

number is continuously growing (http://www.ncbi.nim.nih- o« ;

gletons may correspond to separate regions of the same
.gov/dbEST/dbEST_summary.html). About one-quarter of gone “oyerestimating the number of genes tagged. Further-
the ESTs in GenBank are from plants, and they are extremely .4« a5 ESTs may contain sequencing errors, a small

useful to identify genes in any plant genome. Nevertheless, oo ntion of mismatches must be allowed during assembly.
EST sequences rarely sample more thar W6 of the Tharefore, the resulting consensus sequences must be used
genes in the source organism, even after exhaustive sampling, i caution because nearly identical paralogous transefipts

of normalized libraries*™ Genes expressed in highly 4, he erroneously assembled together and considered to
specific conditions, cell types, or developmental stages ar€pelong to a single gene.

often missing in CDNA I|b_rar|e_s. If a complete genome is available, ESTs from the same
When standard cDNA libraries are randomly sequenced species can be assembled by aligning them to the genome

the level of expression of different genes can be estimatedusmg tools that allow spliced alignmerfts® This strategy

by the frequency with which a given sequence appears inpag the advantage that separate EST contigs that belong to
the EST set. This is useful information, particularly if he same gene are usually linked by the corresponding

different cDNA libraries from different tissues, conditions, yenomic sequence, and cDNA sequences from nearly identi-
or developmental stages are sequenced. Comparing th‘%al paralogous genes are less likely to be merged because

number of times a given sequence is present in each libraryegts are aligned to their best match in the genome.
provides information comparable to a Northern-blot hybrid-

ization’%767” The downside of the EST approach using ; o

standard cDNA libraries is that highly expressed genes may5'2' Methylation Filtration (MF)

account for a substantial portion of the ESTs, not providing EST sequences are very efficient as a gene discovery tool
any new sequence data. In order to reduce redundancy irbecause they usually contain coding sequences that can be
EST sets, normalized cDNA libraries can be used for random easily identified by similarity searches against protein
sequencing. cDNA normalization is based on the difference databases. However, nontranscribed flanking regulatory
in reassociation kinetics of unique DNA sequences versussequences as well as intron sequences that are excluded from
repeated ones. Normalization can be achieved by denaturingeST data contain important information that can only be
a double-stranded cDNA sample and allowing it to slowly retrieved by sequencing genomic DNA. Techniques that
reanneal® 8% Abundant cDNAs renaturate more quickly than provide this genomic information while minimizing the
rare ones, which remain single stranded for a longer period.amount of repetitive sequences are available for plants. One
The single-stranded (i.e., low-abundance) cDNA molecules of them, called methylation filtration (MF), is a genomic
can be separated from the abundant, double-stranded oneBNA-based cloning and sequencing technique that takes
using hydroxyapatite (HAP) chromatography, which differ- advantage of the fact that most of the repetitive DNA in plant
entially binds double- and single-stranded DRAhe single- genomes is extensively methylated in the form of 5-meth-
stranded cDNA is eluted from the HAP column, the second ylcytosine (Figure 1). Levels of DNA methylation are very
strand is synthesized, and the thus normalized cDNA is variable across different eukaryotes. The ye&atcharo-
cloned for sequencing ESTs. Improvements of these methodsmyces cereasiae has no detectable 5-methylcytosine, while
to increase the representation of long cDNAs have beenin other fungi methylation is found limited to repetitive
reported’® Normalization is a more efficient gene discovery DNA.°%°1 Animal genomes show a wide spectrum of DNA
EST approach than standard cDNA libraries. Normalized methylation levels. In the worn€Caenorhabditis elegans
ESTs provide a qualitative (but not quantitative) estimation DNA methylation has not been found, and in the insect
of expression patterns. A disadvantage of the normalization Drosophila melanogasterytosine methylation is restricted
procedure is that very similar members of gene families can to a narrow developmental window and only found in CpA
cross hybridize in the reannealing step and may be lost with or CpT sequencéd.On the contrary, vertebrates show much
the abundant transcripts. Although large-scale EST projectshigher levels of methylatio?? DNA methylation in mammals
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Figure 1. Summary or the different gene-enrichment sequencing strategies in cartoon style (double lines, double-stranded genomic DNA,;
black dots, methyl groups; circles, plasmid clones; red, genic or low-copy regions; black, repetitive regions; blue, cloning vectors).

has been found typically in CpG motifs, both in repetitive fragments, minimizing the presence of flanking methylated
DNA as well as in gene¥;*>except for the regulatory CpG  repetitive DNA. Purifying nuclear DNA is also necessary
islands? DNA methylation has been found in all plants in order to reduce the amount of organelle DNA, which is
studied, frequently in CpG motifs, and also in CpNpG and non-methylated and therefore enriched in MF libratfés.
asymmetric CoNpN motif8’-°8It has been shown that DNA MF was first used in maize in a pilot study in which DNA
methylation is associated with silent transposable elementswas digested with a restriction enzyme whose recognition
in plants?®*-19twhile genes are typically hypomethylat®d®? site does not overlap CpG or CpNpG methylation sités.
Recent genome-wide microarray analyses of DNA methy- In this study a few hundred clones from filteredrBC*
lation in the small genome &rabidopsisalso detected DNA  E. coli strains) and controlMcrBC™ strain) libraries were
methylation in genes, although at lower levels than those sequenced, and the proportion of gene-like sequences in each
observed in repeats, and in many cases methylation wasdata set was determined using a database of protein
localized toward the'3end of the gene¥3-105 sequences. A 6-fold increase in genes was obtained in the
MF uses théescherichia colmodified cytosine restriction  filtered libraries relative to the random control library (gene-
system McrBC'%6-107which is a restriction endonuclease that enrichment ratio). On the other hand, a substantial decrease
requires two recognition sites separated by 2000 bp, each  in repetitive sequences was observed among the filtered
half site consisting of a purine followed by a methylated sequences. Consistently, chloroplast DNA and certain simple
cytosine'®® As this is a frequent pattern in plant genomes, sequence repeats (SSRs), which are non-methylated, were
McrBC can digest virtually any DNA methylated at cy- also more abundant in the filtered library. This approach was
tosines. Therefore, when plant genomic DNA is introduced later scaled up in maize, and over one-half a million MF
in an McrBCt strain of E. coli it is frequently restricted, = sequences were produced by two groups, this time using
which is the reason whi¥icrBC" strains are not routinely  randomly sheared DNA1112These studies showed that the
used for constructing eukaryotic genomic DNA libraries. MF gene discovery rate is lower than that of ESTs when less
libraries are constructed in the same way as small-insert WGSthan 60 000 of each type of sequences are considered, but
libraries but using aMicrBC' host strain. Size fractionation  as more sequences are added, gene discovery by MF is more
of the DNA to select fragments between 1.5 and 3 kbp before efficient and comprehensive. These studies also suggest that
cloning increases the chances of recovering low-copy DNA the non-methylated repetitive DNA found in filtered libraries
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accounts for approximately 7% of the total repetitive DNA enrichment technique, these studies in tomato concluded that
in the genome. Most of these non-methylated repetitive assembly of MF sequences will not produce long contiguous
elements are probably ancient copies that have accumulategequences, and intergenic regions will be midsgd.
mutations resulting in a reduction in the proportion of  Non-angiosperm plants also show some level of gene
cytosine and therefore cannot be methyldfédn some enrichment?® including the small £120 Mbp) genome of
cases, they may correspond to active transposons, as it hathe early vascular, seedless pl&glaginella(Rabinowicz,
been shown that transposons become active in mutants thatinpublished results). An interesting case among these plants
reduce DNA methylatiodt®> 116 By comparing the frequency is pine, whose genome is approximately 20 Gbp. The
of gene-like sequences present in the non-methylated fractionexpected high degree of gene enrichment for such a large
of the genome (MF sequences) versus the frequency of genegenome was not observed in MF libraries, although enrich-
like sequences in the whole genome (random set of se-mentin SSRs has been obtaiftétOne possible explanation
guences) it was roughly estimated that the non-methylatedis the presence of a large amount of ancient, CG-depleted
space in the maize genome or the space sampled by MF wagransposable elements. An additional factor affecting the
425 Mbp!'! These calculations were done under the as- observed gene-enrichment ratio of MF in pine may be the
sumption that all maize exons are non-methylated. Consis-presence of a large number of pseudogenes, as proposed for
tently, a small, random sample of maize exons was surveyedwheat, because a very large number of gene-like sequences
for the presence of methylation, and only 5% of them showed was found in the random control library in pine. There is no
evidence of methylation in a methylation-sensitive PCR clear evidence of polyploidy in pine, but a high level of gene
assay”® In contrast, 26-30% of the expressed genes are duplication has been observE&d;*which is consistent with
partially methylated inArabdopsis though at lower levels  a pseudogene amplification.

than repeats and pseudogetftd® Although comparable MF has been tested in mammalian genomes to estimate
genome-wide analyses have not been done in maize, it isthe levels of enrichment in genic sequences. Mammalian
possible that gene methylation is variable among plants. Suchgenomes contain DNA methylation in CpG moitifs; therefore,
variability could explain the differences in MF gene discov- it can be digested by McrBC in the same way as plant DNA.
ery efficiency observed in different plants as discussed below. However, when applied to mouse somatic tissues as well as

MF has been used on a large scale in sorghum with resultshuman cells in culture MF libraries did not show a significant
consistent with those observed in mal¥eGenes as well ~ difference in the proportion of genic and repetitive sequences
as SSRs and regulatory regions are enriched in sorghum vEelative to control librarie$? Two_factors contribute to these_
sequences. Interestingly, MF also enriched for noncoding results. On one hand, mammalian repeats are mostly ancient
regulatory elements such as micro RNAs in sorghifm. and GpC depletetl Therefore, they may not be counter-

. : elected in MF libraries. On the other hand and more

Gene enrichment by MF has been assessed in a range Ofmportantly, mammalian exon sequences have been shown
plant genomes in pilot studies that included monocots, dlcots,to be methylated. In a comparative study, randomly chosen
and non-angiospernt$? Assuming that most plants contain i f

imil b f the level of eh tb exons from maize could be amplified by PCR from a
similar numbers of genes, e Ievel of gene enrichment by genomic DNA template previously digested with McrBC in
MF should increase proportionally to the genome size (or

subgenome size in recent polyploids), which is determined vitro. This is consistent with the known hypomethylation of

o . —~ plant genes. When the same assay was performed on a
by the amount of methylated, repetitive DNA. These pilot - 4,m set of mammalian exons, a decrease in the amount

SIUd'eS. suggest that the I.evel of gene ennchmen; In MONOCOt,¢ product was observed after PCR amplification of McrBC-
plants increases proportionally to the genome size with the

" f e heat ies. O fth . diploid treated versus untreated DNA template. This study showed
exception of two wheat Species. Une of tese IS a dIpoid ot mammalian exons are methylated as often as repetitive
wheat, and the other is the hexaploid common wheat. In the

diploid wheat, MF does not show the expected level of gene elements are in these genonfes.
enrichment probably because of a large proportion of non- 5.2.1. Other Uses of MF
methylated repetitive elements. In the hexaploid wheat there  pME has other potential uses such as selectively cloning
appears to be an excessive number of gene-like sequencegng sequencing non-methylated genomes (i.e., bacterial
in the control random library, which reduces the gene- genomes) in samples containing mixtures of different DNA
Qnrlchment ratio. It is speculated that many of those gene- g rces. Preliminary data suggests that such an approach may
like sequences are probably pseudogenes produced by aRe yseful for selectively sequencing the genomes of phyto-
amplification of gene sequences during the recent poly- pjasmas, which are unculturable obligate paradtBa/hen
ploidization event!® Another report of a MF analysis of 5 |arge-insert MF library is constructed from plant DNA,
diploid wheat also shows a low level of gene enrichn¥ént.  he cloning efficiency is very low because the chances of
In this case as well a large proportion of repetitive elements recovering large fragments of DNA completely depleted of
is found in the MF sequence set. methylation are very few. Thus, when DNA from aster plants
In dicot plants the level of gene enrichment is somewhat infected with the intracellular bacterial parasite Aster Yellows
lower than expected relative to the genome size. However, (AY) phytoplasma was used to construct a large-insert MF
most of the dicot plants analyzed were ancient polyploids, library, several clones containing AY DNA were recovered
and estimating the expected level of gene enrichment was(Rabinowicz, unpublished results). As the AY genome is
difficult as loss of duplicated genes may occur without small (700 kbp) only a few dozen clones are necessary to
significant reduction in genome si?&% Therefore, gene  cover the whole genome. Those clones can then be com-
density is reduced although not to the level of a diploid. pletely sequenced to assemble the parasite’s genome. Al-
Regardless of this limitation, gene enrichment was observedthough a large proportion of the recovered MF clones
in all dicot species tested. Other pilot studies performed in contained chloroplast DNA because it is also non-methylated,
tomato showed that MF is an efficient way to discover coding generating enough clones and sequencing their ends to detect
sequences and regulatory regions. As expected for any geneand discard chloroplast DNA may minimize the problem.
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If chloroplast sequences are of interest, the observedlow level of gene enrichment could be explained by an
enrichment in such sequences in MF libraries can be usefulabundance of inactive repetitive elements that accumulated
to selectively sequence chloroplast genomes without the mutations to the extent that they do not easily hybridize to
problem of purifying these organelles before preparing the each other and therefore behave as low-copy DNA in a Cot
DNA. With the purpose of performing phylogenetic studies experiment. In addition, large gene families (including
of castor bean, chloroplast genomes from different cultivars pseudogenes) may be underrepresented. These results should
have been sequenced using MF. Application of MF to total be taken with caution because the number of wheat sequences
DNA preparations from castor bean leaves yielded up to 50% analyzed is relatively small, and larger-scale analysis is
chloroplast sequences, which due to the small size of therequired to draw more reliable conclusions. When applied
genome (160 kbp) and the current low sequencing coststo another large genome such as that of pine, HC results are
resulted in an efficient way to sequence multiple chloroplast consistent with the idea that heavily mutated retroelements
genomes (Rabinowicz and Ravel, unpublished results).  behave as low-copy DNAX and therefore, the gene

discovery rate is low.
5.3. High Cot (HC) Sequencing HC sequencing has only been used on a large scale in
maize together with the large-scale maize MF project
described abov¥? This constitutes the largest data sets of
both gene-enrichment techniques for a given species, and
comparison of the results of each technique produced
interesting discoveries. This maize HC sequence data shows
a moderately lower gene discovery capacity than MF.
However, sequences with no match in DNA, EST, or protein
databases are much more abundant among the HC sequences
than in the MF set. Such sequences may represent noncoding
portions of genes, which are less conserved and more difficult
to identify as such by cross-species sequence comparisons.
They could also represent still uncharacterized low-copy
transposable elements.

After the maize MF and HC data was made public it was
reported that mutations occurred at low frequency in the HC
dataset?! Later, it was shown that such an artifact was a
consequence of a low buffering capacity of the citrate buffer
used during the slow reassociation step in which DNA is
kept at relatively high temperatures for extended periods.
Use of phosphate buffer eliminated the problem (Bennetzen,
gersonal communication).

In an attempt to extend the use of this technique for
efficient gene discovery in vertebrates, HC has been used to
analyze the 1.2 Gbp genome of chicken. Unfortunately, this
experiment resulted in no significant gene enrichm&nthis
outcome was attributed to the extensive amount of mutations
cloning and sequencing or CBE3 was shown to enrich accumulated in vertebrate transposable element families in

for genes and other low-copy sequences in both systems. Inzns!rcnrll?(; way gs _d|sr;:]ussed labove for the failure of MF to
maize, the proportion of genic HC sequences was similar to fl I genes in mammais.

that obtained with MF. In order to minimize the problem of o
losing members of multigene families, several HC libraries 5.4. Combination of HC and MF

are made using different reannealing times. At longer  The large-scale maize gene-enrichment project brought an
reassociation times the amount of highly and moderately opportunity to perform a comprehensive comparison of the
repetitive DNA is more efficiently reduced at the expense two methods. Overall, the findings from the parallel HC and
of increasing the chances of missing members of large genemMF analysis of the maize genome demonstrate that these
families. At shorter reassociation times gene family recovery two techniques recover partially overlapping fractions of the
increases but so does the recovery of moderately repetitivegenomé!2133and therefore show that the combination of both
DNA. techniques results in a very efficient and effective way to
The HC results in sorghum are not completely comparable rapidly identify the gene space of large plant genomes. When
to the MF ones because the HC clone inserts were smallthis sequencing project was half way to completion, the HC

In the late 1960s it was shown that when genomic DNA
is denatured and slowly renatured the high-copy DNA
reanneals more rapidly than medium- and low-copy DIRFA.

In a renaturation reaction the product of the concentration
and time required for reassociation is called Cot, and it can
be used to characterize the different components of eukary-
otic genomes in terms of repetitiveness. The slow reannealing
or high Cot component is mostly low-copy DNA, while the
fast reannealing component corresponds to highly repetitive
or low Cot DNA. The moderately repetitive DNA shows
intermediate Cot value. These different components of a
genome can be isolated using HAP chromatogré&jpimya
similar way as described above for normalization of cDNA.
In order to isolate the low-copy fraction of the genome the
denatured DNA is allowed to reassociate so that the highly
and moderately repetitive DNA is mostly in a double-
stranded form while the low-copy DNA remains in a single-
stranded form, which has different affinity for HAP (Figure
1). In this way the low-copy DNA can be separated from
the medium- and high-copy DNA and cloned after in vitro
synthesis of the second DNA strand. Because genes resid
mainly in the low-copy fraction of plant genomes, use of
high Cot (HC) DNA cloning to enrich in genomic sequences
containing genes has been proposed for m&&zend
subsequent pilot studies showed its applicability in sor-
ghum?” and maizé?® HC sequencing (also called Cot-based

and the library was made using crBC* E. coli host}*’ and MF sequences were assembled separately as well as
then inadvertently combining the HC and MF methods. combining both data sets as input. The fraction of the maize
HC has also been applied to hexaploid whéathut genome that would be sampled by each method was

because a random set of sequences from another (diploid)estimated by applying the LandeWaterman algorithri2134
wheat species was used as a control, the level of enrichmentvhich describes the coverage and number of gaps in a
in genes could not be estimated. In order to do this the genome assembly for a given genome size and amount of
hexaploid wheat HC data can be compared to the randomsequence available. With this analysis it was predicted that
sequences generated by othBPsSuch an analysis showed the genome space sampled by MF was 260 and 280 Mbp
that the level of enrichment of HC is slightly lower than by HC, although it has been proposed that the Lander
that obtained by MF (Rabinowicz, unpublished results). This Waterman algorithm underestimates the size of the sampled



3384 Chemical Reviews, 2007, Vol. 107, No. 8 Rabinowicz

space in gene-enriched librari€8.Combination of both sites partially compensates for the sequence biases. In a pilot
sequence sets spans 400 Mbp, which is less than the 54Gtudy using two such restriction enzymes a high degree of
Mbp resulting from addition of both sets. These extrapola- gene enrichment was observed along with a substantial
tions are consistent with the idea that each technique sampleproportion of sequences with no match in sequence databases.
different but overlapping fractions of the genome that These sequences are likely to be introns and regulatory
combined represent a 6-fold reduction of the genome size.regions. In addition, the proportion of retrotransposon
However these extrapolations may have overestimated thesequences recovered in HMPR libraries was lower than those
sampled spaces. After completion of the project, nearly one- observed in HC and MF libraries. Although this technique
half a million HC reads were assembled into a total of 190 is very efficient as a gene discovery tool, the randomness of
Mbp and MF assemblies span 150 Mbp, while the combined the recovered clones has not been assessed at on a large scale
assembly contains nearly 300 Mbp (Chan et al., unpublishedand may require using many restriction enzymes and multiple
results; http://miaze.tigr.org). levels of partial digestion to achieve a comprehensive
Attempts to estimate the coverage of the gene space haveepresentation of all genes, which may amount to a large
been reported. Using a set of full-length cDNAs, 95% were library construction effort. HMPR has an additional advan-
tagged by MF and/or HC rea#3and the average coverage tage if used in combination with HC and MF because HMPR
of exons was 2 (Barbazuk, unpublished results). Using a clones that contain low-copy DNA at the ends may contain
curated set of gene models approximately 75% of the repetitive methylated sequences in the middle. Such a clone
nucleotides were covered by either MF or HC reads would be counter-selected in HC and MF libraries. Thus,
(Barbazuk, unpublished results). Another study aligned MF end sequences of HMPR clones can help linking separate
and HC sequences to annotated maize BAC clones that areMF and/or HC sequence assemblies that are closely linked
part of a large physical contig, and over 90% of the annotatedin the genome, but an intervening repetitive sequence
genes were touched by MF or HC reads. In this report 75% prevented generation of a single sequence ctftffigure
of the exonic nucleotides and 49% of the nucleotides in exons2).

and introns were covered by HC or M. The observed In large plant genomes such as that of maize intergenic

plifference in coverage of exons versus entire gene mOdelssequences can be extremely long, often reaching hundreds
is due to the presence of repetitive sequences in some of thgs kbp consisting only of heavily methylated, intact, or
introns of the gene models analyzed. rearranged retrotransposons. In order to link genic sequences
Pseudogenes can be m|slgad|ng in th|s'k|nd of analyse:_:,from HC and MF assemblies that are many kbp apart end
because they can be considered gene-like sequences iBequences of large-insert clones from genomic libraries
fragmentary sets of MF or WGS sequences. A large number constructed using methylation-sensitive restriction enzymes
of gene fragments have been found in rice and maize forming can pe useful. Methylation-spanning linker libraries (MSLL)
part of transposable elemen#é;**and hence, it is likely  are constructed by completely digesting nuclear DNA with
that most of them are methylatédt*®although some have 4. o 6-pp recognition site methylation-sensitive restriction
been shown to be expres$&and, therefore, potentially non- enzyme&* (Figure 1). Digestion of maize genomic DNA
methylated. _ with frequent-cutter restriction enzymes can yield a majority
Assembling gene-enriched sequences not only extendspf fragments bigger than 50 kbp due to the high proportion
low-copy sequences into contigs but also allows annotating of methylated recognition site sequences and/or to GpC and
larger gene fragments and, sometimes, entire genes, includingspNpG depletiort?? MSLL has been applied to maize on a
their regulatory region§>4%1Placing such gene-enriched  small scale using relatively short-insert size BAC libraries
assemblies in the genetic map can be achieved by aligning(10-25 kbp). This report showed that the end sequences of
them to sequences that have been genetically maip&d.  these clones were enriched in genes and, although retrotrans-
If a BAC-based physical map is available and the ends of poson sequences were abundant, the ends of MSLL BAC
the mapped clones have been sequenced, gene-enrichegiones were outside but close to repetitive elements. There-
assemblies can be anchored to the physical map by aligningiore, MSLL should be a useful tool in combination with HC,

them to the BAC-end sequences. MF, and HMPR to construct genomic scaffolds containing
. " . . gene-enriched assemblies. In these scaffolds genic sequences
5.5. Methylation-Sensitive Digestion of DNA can be oriented relative to each other and the physical

Researchers have used the low level of methylation in plant distance between them can be estimated using the MSLL
genes as a way to recover low-copy sequences for mappindlbrary_|nsert-S|ze and mate-read information. The putative
purposes. Cloning the 1-8.5 kbp fraction of maize DNA  'epetitive sequences separating those gene sequences would
after digestion with a common methylation-sensitive restric- "€main unknown (Figure 2).
tion endonuclease resulted in a genomic library rich in low- A modification of the MSLL and HMPR techniques to
copy sequences that could be used to design restrictionincrease randomness and genome coverage has been recently
fragment length polymorphism (RFLP) markers for genetic publishedt*” This technique, called methylation-sensitive
mapping*® This would not be an efficient genome-wide gene partial restriction (MSPR; Figure 1), differs from HMPR in
discovery strategy because only those low-copy sequenceghat the insert size is closer to that of typical BAC libraries
that contain 2 of the corresponding 6 bp recognition sites at (~100 kbp) and from MSLL in that the digestion with a
the right distance between each other will be cloned. One methylation-sensitive restriction enzyme is partial, therefore
way to increase the representation of hypomethylated increasing the randomness of the clones. One problem of
sequences using this approach is use of partial digestion ofconstructing MSLL and MSPR libraries is that BAC vectors
genomic DNA with multiple frequent-cutter methylation- do not typically include multiple methylation-sensitive
sensitive restriction enzymes. This idea has been calledrestriction enzyme recognition sites in their multiple cloning
hypomethylated partial restriction (HMPR; Figure!¥jUse site. Yuan and co-worket®¥ completely digested genomic
of multiple restriction enzymes with different recognition DNA with Hpall or Sall and patrtially filled in the cohesive
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Figure 2. Schematic representation of different plant genomic sequencing approaches. DNA from whole cells, isolated nuclei, or purified
chromosomes is used for construction of different libraries. A genomic region is represented as a black bar toward the top. Genes in this
region are represented in red, and repetitive, methylated intergenic DNA is marked in black wighs¥@hbols. BAC clones from a

minimal tiling path (MTP) are shown in gray. Sequence reads from each library type are shown as color-coded dashes. Each strategy can
be used separately or in combination with any other (see text for details). Dotted lines represent unsequenced portions of the clones.

ends to make them compatible for ligation with a partially With the goal of facilitating large-scale cloning and sequenc-
filled-in BAC vector digested in itBamHI site. In order to ing of transposon insertion sites, a modifigditator trans-
reduce the manipulations of the DNA prior to cloning, Yu poson has been developed. This system cdfedcueMU
and Li%" constructed a BAC vector containing recognition consists of a transgenic plant containing a copy of the
sites for three methylation-sensitive restriction enzymes. This transposon engineered to include a bacterial origin of
vector does not need a fill-in step and facilitates direct replication and an antibiotic resistance gene. In this way
cloning of large fragments from genomic DNA partially plasmids containing the genomic sequences flanking the
digested with those enzymes. Analysis of end sequences frontransposon insertion site can be rescued from genomic DNA
a small number of maize MSPR clones showed a low by restriction enzyme digestion, ligation (to circularize the
proportion of retrotransposon-related sequeftesiggesting plasmid), andE. colitransformatiort®” Sequencing the clones
that this method would be efficient in discovering and linking obtained after this procedure yields transposon insertion site
low-copy sequences putatively containing genes at high sequences that are typically gene rich. However, transposon

frequency. tagging resulted in an uneven representation of genes with
some gene sequences being recovered at high frequency. This
5.6. Transposon Insertion-Site Sequencing is due to transposon insertions that were present before the

mutagenesis was induced (parental insertions) and to the bias

of the transposon to insert itself in certain regions more

frequently than in other$415"Therefore, transposon insertion

site sequencing is less effective as a gene discovery method

than other gene-enrichment techniques, although the system
Yhas the advantage that if a gene is found in the collection of
insertion site sequences it is likely that the plant containing
it is a mutant for that gene.

DNA transposons are typically less repetitive than ret-
rotransposons in large plant genori@Several transposon
families, particularly in maize, have been studied exten-
sively 148-150 One interesting feature of DNA transposons is
that, opposite to what is observed in retrotransposons, the
tend to insert in genic regior8! Taking advantage of this
feature of DNA transposons has allowed their use as
mutagens$®2153This process facilitates identification of the
mutated gene by the presence of a transposon “tag”. In th|s5.7. Gene-Rich BAC Sequencing
way a reverse genetics approach is enabled. Random
mutagenesis projects have been conducted in maize using As very large plant genomes can contain stretches of
the transposonlutator andAc/Dsto obtain large collections  repetitive sequences spanning above 100 kbp, BAC libraries
of mutant lines'® 1% Using a plant line in which the constructed for such genomes often contain clones that
transposon is highly active it is possible to generate large consist purely of repetitive sequences. Sequencing and
populations of plants containing transposon-induced muta- assembly of such repetitive BACs often results in fragmented
tions. If the mutant population is large enough, it is expected and misassembled consensus sequences and may be of little
that a transposon insertion can be obtained in most genesuse for a draft sequencing project. Therefore, if a BAC-based
By isolating and sequencing the regions flanking the newly sequencing or physical mapping approach is carried out, it
inserted transposable elements a collection of gene-enricheds useful to identify gene-containing BAC clones so the
genomic sequences can be obtaiffddransposon insertion  number of clones to work with is reduced. Using gene
site sequences can be isolated by a PCR strategy that utilizesequences derived from gene-enriched data sets (i.e., EST,
a primer complementary to the transposon end sequence andIF, HC, etc.), gene-containing BAC clones can be identified
a random primer to anneal to any flanking genomic sequence.by hybridization. This approach, in some cases aided with
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cytogenetic data, has been applied to thedicago(http:// a reality, large-scale sequence data from the complex
www.medicago.org/genome/about.php), tomato (http://www. genomes of important crops, such as wheat and barley, can
sgn.cornell.edu/about/tomato_project_overview.pl), and bar- be more effectively obtained using gene-enrichment tech-
ley (http://phymap.ucdavis.edu:8080/barley) genomes with niques combined with other genome mapping and sequencing
encouraging results. In the case of barley, the reduced set ofpproaches as resources allow.

gene-rich BACs obtained with this approach allows focusing

the genomic analysis on its most fruitful portion. The 7 Acknowledgments
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