Downloaded from genome.cshlp.org on August 9, 2022 - Published by Cold Spring Harbor Laboratory Press

Letter

Differential methylation of genes and repeats
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The hypomethylated fraction of plant genomes is usually enriched in genes and can be selectively cloned using
methylation filtration (MF). Therefore, MF has been used as a gene enrichment technology in sorghum and maize,
where gene enrichment was proportional to genome size. Here we apply MF to a broad variety of plant species
spanning a wide range of genome sizes. Differential methylation of genic and non-genic sequences was observed in all
species tested, from non-vascular to vascular plants, but in some cases, such as wheat and pine, a lower than expected
level of enrichment was observed. Remarkably, hexaploid wheat and pine show a dramatically large number of
gene-like sequences relative to other plants. In hexaploid wheat, this apparent excess of genes may reflect an
abundance of methylated pseudogenes, which may thus be more prevalent in recent polyploids.

[Supplemental material is available on line at www.genome.org. The sequence data from this study have been
submitted to GenBank under accession nos. CZ897387-CZ899108 and CZ904997-CZ905001 for rice; CZ885111-
CZ886935 and CZ904956—-CZ904957 for barley; CZ888291-CZ8%91417 and CZ904958-CZ904975 for bread wheat;
CZ899109-CZ902001 and CZ905002-CZ905005 for soybean; CZ886936-CZ888290 for oilseed rape; CZ896505-
CZ7897386 for potato; CZ902002-CZ904955 and CZ905006-CZ905009 for tomato; CZ891418-CZ892414 and
CZ904976-CZ904980 for cotton; CZ893553-CZ894712 for moss; CZ892415-CZ893552 and CZ904981-CZ904996 for
fern; and CZ894713-CZ896504 for pine. The following individuals kindly provided reagents, samples, or unpublished
information as indicated in the paper: USDA National Plant Germplasm System, A. Kleinhofs, F. Mehdizadegan, B.

Gill, J. Mullet, B. Burr, A. Schwartz, and R. Quatrano.]

Methylation is a common DNA modification among eukaryotes,
typically in the form of cytosine methylated on carbon-5 (5-
methylcytosine, SmC). Saccharomyces cerevisiae has no SmC, and
in other fungi methylation is targeted to the scarce repeated DNA
(Selker 1990; Rossignol and Faugeron 1994). The levels and pat-
terns of DNA methylation are highly variable in animals, ranging
from no detectable 5SmC in the nematode Caenorhabditis elegans
and limited, developmentally restricted methylation in Dro-
sophila melanogaster (Lyko et al. 2000) to widespread genomic
methylation in vertebrates (Tweedie et al. 1997). On the other
hand, DNA methylation seems to be ubiquitous among plants,
where it is found at symmetric CpNpG and asymmetric CpNpN
sites, as well as the CpG sites frequent in mammals (Gruenbaum
et al. 1981; Meyer et al. 1994). The level of 5SmC is variable in
plants, from 6% of cytosines in Arabidopsis (Kakutani et al. 1999)
to 25% in maize (Papa et al. 2001).

The distribution of SmC in mammals varies during devel-
opment (Monk et al. 1987), although it is conspicuous in repeti-
tive sequences (Walsh et al. 1998). Genes are also methylated
(Rabinowicz et al. 2003b), but CpG islands are essentially un-
methylated (Cross and Bird 1995). In plants, inactive trans-
posons are densely methylated (Chandler and Walbot 1986;
Flavell 1994; Martienssen 1998), while genes rarely have any
DNA methylation (Bennetzen et al. 1994; Rabinowicz et al.

“Corresponding author.

E-mail martiens@cshl.edu; fax (516) 367-8369.

Article and publication are at http://www.genome.org/cgi/doi/10.1101/
gr.4100405.

2003b), and when they do it is restricted to the 3’ and 5’ ends
(Walbot and Warren 1990; Patterson et al. 1993; Lippman et al.
2004).

The function of DNA methylation is still controversial, al-
though it can clearly silence genes (Colot and Rossignol 1999;
Martienssen and Colot 2001; Bird 2002). In plants, transposons
are methylated upon silencing (Chandler and Walbot 1986;
Chomet et al. 1987), which can result in regulation of nearby
genes (Martienssen et al. 1990). Further, transposons can be ac-
tivated in mutants defective in a chromatin remodeling ATPase
(Miura et al. 2001; Singer et al. 2001) and in DNA methyltrans-
ferases (Kato et al. 2003; Lippman et al. 2003), in which DNA
methylation levels are reduced by 70%-80%. Microarray profil-
ing has revealed that most DNA methylation in plants is found in
transposons, suggesting this may be its primary function (Lipp-
man et al. 2004). In animals, it has also been suggested that
DNA methylation silences transposons, which are expressed in
methylation-defective mutant mice (Yoder et al. 1997; Walsh et
al. 1998). However, methylation of most retrotransposable ele-
ments is also lost during normal mammalian embryogenesis, so
the significance of these results is not clear (Monk et al. 1987;
Reik et al. 2001). An alternative hypothesis proposes that meth-
ylation targets both genes and repetitive DNA in order to de-
crease transcriptional “noise.” Consistent with this idea, most
mammalian genes are methylated, and only CpG islands are pro-
tected from methylation to permit access to promoters (Bird
1995; Tornaletti and Pfeifer 1995; Tada et al. 1997; Rabinowicz et
al. 2003b).
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Many plant genomes—including those of important crops—
are very large and repetitive (Arumuganathan and Earle 1991;
Kumar and Bennetzen 1999). For this reason, high-quality plant
genome sequences have been obtained only from small plant
genomes such as those of Arabidopsis and rice (The Arabidopsis
Genome Initiative 2000; Sasaki and Burr 2000; Feng et al. 2002;
Sasaki et al. 2002; The Rice Chromosome 10 Sequencing Consor-
tium 2003). These projects represent an invaluable resource for
plant biology in general. However, the extremely large size of
other plant genomes such as those of pine and wheat effectively
prohibits the determination of their complete sequence in this
way (Rabinowicz et al. 2003a).

Several gene-enriched sequencing strategies have been used
to try to overcome the problem posed by large genomes, the most
popular of which is the sequencing of cDNA libraries to produce
expressed sequence tags (ESTs) (Adams et al. 1991). Although
useful for gene annotation, EST sequencing is limited to genes
that are detectably expressed, and misses non-coding sequences
such as introns and promoters (Palmer et al. 2003). Another ap-
proach has exploited the tendency of some DNA transposons to
insert preferentially in genes (Hanley et al. 2000; Raizada et al.
2001). However, transposon insertion is not random (Greenblatt
1984; May et al. 2003) and yields a partial representation of genes
when attempted on a large scale (Palmer et al. 2003; Fernandes et
al. 2004).

A third approach takes advantage of the differential reasso-
ciation kinetics of low- and high-copy DNA. Isolating and clon-
ing the slowly annealing low-copy or high-Cyt (HC) fraction of
plant genomic DNA results in enrichment for gene sequences
(Yuan et al. 2003). This technology has been successfully used in
maize (Whitelaw et al. 2003) although, theoretically, it may se-
lect against large gene families that could be normalized in the
process, and the extensive manipulation of the DNA required to
construct HC libraries resulted in a high proportion of mutated
sequences when applied to maize (Fu et al. 2004). Furthermore,
the HC maize sequences are on average 43% GC versus 50% GC
for WGS (whole genome shotgun) (http://www.tigr.org/tdb/tgi/
maize/release4.0/assembly_summary.shtml), which may reflect a
selection for AT-rich sequences, which reanneal more slowly
than GC-rich sequences do.

The difference in methylation between plant genes and re-
peats is the basis for another gene-enrichment technique, called
methylation filtration (MF) (Rabinowicz 2003). MF takes advan-
tage of the McrBC (modified cytosine restricton system), a bac-
terial methylation-dependent restriction endonuclease (Raleigh
and Wilson 1986; Dila et al. 1990) that has minimal sequence
requirements for restriction (Sutherland et al. 1992). Therefore,
using a mcrBC* Eschericia coli host strain to construct genomic
shotgun libraries, repetitive DNA can be largely excluded, pre-
serving the low-copy (i.e., genic) DNA (Supplemental Fig. 1). In a
pilot study, MF applied to the maize genome yielded a sixfold
enrichment for genes relative to a WGS library used as a control
(Rabinowicz et al. 1999).

Gene-enrichment techniques constitute an effective ap-
proach to selectively clone and sequence genes from large plant
genomes, in which the majority of the DNA is composed of
repetitive elements that can total up to 80% of the genome
(Hake and Walbot 1980). MF has been applied comprehensively
to maize and sorghum, reaching nearly 1X coverage of the
unmethylated fraction of these genomes. As a result, ~95% of
the genes in either genome were tagged, and it was estimated
that most genes and regulatory elements are unmethylated in

these two plants. Further analyses also provided insights into
the biology of transposable element methylation and acti-
vity (Palmer et al. 2003; Whitelaw et al. 2003; Bedell et al.
2005).

We report the results of pilot MF sequencing projects in
several plant species including moss, fern, pine, and various eco-
nomically important angiosperms. Hypomethylated DNA is en-
riched in genes in all plants tested, and there is a correlation
between genome size and the degree of gene enrichment (gene
enrichment factor, or GEF), particularly among the grasses. The
data also highlight differences in genome organization and
suggest that some species, often recent polyploids, may have
undergone a process of gene amplification that resulted in the
generation of pseudogenes, while a process of gene loss may
have occurred in older polyploids as part of a process of diploidi-
zation.

Results and Discussion

We selected a diverse group of plant species in order to test the
efficiency of MF relative to WGS (Fig. 1). We included economi-
cally important crops and trees as well as moss and fern. For
comparison, we included a random subset of maize, sorghum,
and diploid wheat MF and WGS sequences submitted to Gen-
Bank by others and us, as well as a set of Arabidopsis and cabbage
(Brassica oleracea) WGS sequences (Supplemental Table 1). Ge-
nomic sequencing has shown that the model dicotyledoneous
(dicot) plant Arabidopsis has substantially fewer genes than rice,
the monocotyledoneous (monocot) model (The Arabidopsis Ge-
nome Initiative 2000; Goff et al. 2002; Yu et al. 2002). Therefore,
we separately grouped monocots (rice, sorghum, maize, wild dip-
loid wheat, barley, and bread wheat) and dicots (Arabidopsis, oil-
seed rape, cabbage, soybean, potato, tomato, and cotton) in this
study. Non-angiosperms (fern, moss, and pine) were placed in a
third group.

The number of plant genes

We first estimated the gene content in each genome by analyzing
the WGS sequence set for each species. In order to reliably iden-
tify genes, we used a carefully curated database of a subset of
known plant proteins. This subset is much smaller than the num-
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Figure 1. Phylogenetic tree showing approximate evolutionary dis-

tances among the plant species used in this study. The corresponding
gene enrichment factor (GEF) is shown in parenthesis.
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ber of annotated “known” proteins, but is much more reliable
(see Methods). We compared all WGS sequences to this database
using BLASTX. We then plotted the observed and the expected
frequencies of genic database matches for each species, based on
their relative genome or sub-genome sizes (Fig. 2). The frequency
of gene matches in monocot WGS sequences consistently de-
creases as genome size increases (Fig. 2A). Using rice as a refer-
ence, we estimated the gene number in each genome or sub-
genome. This was achieved by first dividing the rice genome size
by each of the other genome sizes, and then multiplying the
relative gene density in each genome by the rice gene number,
which is estimated at 41,000 (Feng et al. 2002; Sasaki et al. 2002;
The Rice Chromosome 10 Sequencing Consortium 2003). The
observed number of genes in each species is remarkably similar
among the grasses (Table 1), presumably because the evolution-
ary divergence is relatively small (Kellogg 2001). Rice has a slight
excess of genes, probably due to the presence of large gene fami-
lies (Lai et al. 2004a).

A major exception is hexaploid bread wheat, which has a
much larger number of genes than expected, given that the sub-
genome size is comparable to wild wheat and barley, which are
close relatives (Kellogg 2001). The bread wheat sub-genomes con-
tain nearly two and a half times more genes than rice, which
brings the total gene number in the hexaploid genome to almost
300,000 (Table 1). This apparent excess of genes in each sub-
genome in hexaploid wheat is surprising, as there is a common
consensus that grasses contain similar numbers of genes (Ben-
netzen 2000).

Another interesting case is maize. If it is considered as an
ancient tetraploid, then it has less than half the expected number
of genes, so that extensive gene loss has occurred since genome
duplication (Gaut and Doebley 1997), a process known as “dip-

A Cc
16 60
14
B % Genes
12
10 - O Expected 50
s % genes
6 O Relative
genome
4 size 40
2
0 L L
& & 4% > & g
& (é\\) é@\ \A‘\e ,Das Q\“\‘Q‘ 30
o3 §° Z,bb
<
B 20 -
25
10
S04 E% Genes
154 O Expected
% genes ol

loidization” (Ilic et al. 2003; Lai et al. 2004b; Langham et al.
2004). Consistent with this hypothesis, the duplicated maize
genome contains nearly as many genes as diploid rice (Table 1).
The recent estimate of 59,000 genes in maize by analyzing BAC
end sequences may have overestimated the number of hypo-
thetical genes, many of which are transposons (Messing et al.
2004). For these reasons, we considered maize a diploid for the
analysis.

In the dicot group we used shotgun sequences of the Lands-
berg erecta ecotype of Arabidopsis as a reference. Among these
sequences, 22.22% had a match in our protein database. Tomato,
the only diploid genome among those tested, has a similar num-
ber of genes as Arabidopsis (Table 1) and similar expected and
observed gene frequencies (Fig. 2B). The remaining dicot ge-
nomes are polyploid, and some insight into their history can be
inferred from the density of genes. The Brassica diploid genome
underwent triplication after its divergence from Arabidopsis
at least 14.5 million years ago (Mya) (Lagercrantz 1998; Yang et
al. 1999). Further, oilseed rape is an allopolyploid formed by
hybridization of Brassica rapa (A genome) and Brassica oleracea
(C genome), which occurred during domestication in the last
few thousand years (Prakash and Hinata 1980; Parkin et al. 1995).
If the number of genes in all six genomes included in this poly-
ploid had remained unchanged, one would expect six times
as many genes as Arabidopsis. However, oilseed rape has only
three times as many genes (Table 1). Substantial gene loss must
have occurred between the ancient triplication and formation
of the allopolyploid hybrid, because cabbage (Brassica oleracea)
has only twice as many genes as Arabidopsis, rather than three
times. Thus, we considered oilseed rape a tetraploid with a sub-
genome size of 550 Mbp, and cabbage a diploid with a 760-Mbp
genome.

The tetraploids cotton and potato
have a larger than expected number of
genes per sub-genome. While cotton is
an ancient polyploid that originated 1.5
Mya (Senchina et al. 2003), potato is be-
lieved to have become tetraploid during
domestication, only a few thousand

years ago (Cribb and Hawkes 1986). Soy-
Dg;‘fg;;g bean is an ancient tetraploid that has
slze become further duplicated and under-
gone extensive diploidization (Zhu et al.
1994; Shoemaker et al. 1996; Krishnan
et al. 2001). If considered an octaploid,
each of its 275-Mbp sub-genomes would
have much lower than the expected fre-
quency of genes. Thus, we considered it
a tetraploid genome with a sub-genome
size of 550 Mbp (Table 1).
The numbers of genes in ferns are
comparable to those of most angio-
sperms, consistent with the presence of

o W% Genes
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% genes

10 ORelatve & &« many known genes in these plants
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Figure 2. Percentage of genes in each WGS set of sequences. (A) Monocots. The expected number ported (Pichersky et al. 1990; Gastony

is calculated relative to rice (see Methods). (B) Dicots. The expected number is calculated relative to
Arabidopsis (C) Non-angiosperms. The expected number is calculated relative to rice.

1991). If the fern genome is in fact poly-
ploid, the gene number per sub-genome
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Table 1. Genomic features of the studied plants

Genome size Sub-genome Ploidy Percent protein Relative Gene number Genes per

Monocots (Mbp)? size (Mbp) level database matches gene density® per sub-genome genome
Rice 400 400 2x 8.39 1 NA 41,000
Sorghum 750 750 2% 3.64 0.43 NA 33,400
Maize 2670 2670 2% 1.23 0.15 NA 40,300
Wild wheat 4000 4000 2x 0.67 0.08 NA 32,800
Barley 5400 5400 2% 0.51 0.06 NA 33,600
Bread wheat 16,800 5600 6x 1.44 0.17 98,640 295,900
Dicots

Arabidopsis 135 135 2% 22.22 1 NA 26,300
Soybean 1100 550 4x 6.03 0.27 29,110 58,200
Oilseed rape 1100 550 4x 6.78 0.30 32,720 65,400
Cabbage 760 760 2% 8.49 0.38 NA 56,600
Potato 2000 1000 4x 4.27 0.19 37,450 74,900
Tomato 1000 1000 2x 2.84 0.13 NA 24,900
Cotton 3000 1500 4x 4.07 0.18 53,550 107,100
Non-Angiosperms

Moss 380 380 2% 4.44 0.53 NA 20,600
Fern 9000 9000 2x 0.49 0.06 NA 42,300
Pine 21,600 21,600 2 0.85 0.10 NA 224,300

2Genome sizes were taken from the Plant DNA C-values Database, Royal Botanic Gardens, Kew, UK (http://www.rbgkew.org.uk/cval/databasel.html),
except for wild wheat (Li et al. 2004), fern (). Banks, pers. comm.), Arabidopsis (http://www.arabidopsis.org; Round et al. 1997), and rice (http://
www.rgp.dna.affrc.go.jp/cgi-bin/statusdb/irgsp-status.cgi). (NA) not appicable.

The relative gene density per genome or sub-genome was calculated relative to rice in monocots and non-angiosperms, and relative to Arabidopsis in

dicots.

will be less than in angiosperms. Moss, on the other hand, has
fewer genes than angiosperms, and even fewer considering that it
is believed to be a tetraploid (R. Quatrano, pers. comm.). Never-
theless, most known gene functions are present in its genome
(Banks 1999; Floyd and Bowman 2004). Like bread wheat, the
gymnosperm pine has an extremely high gene density (Fig. 2C)
and almost as many genes (Table 1). The explanation for the high
gene content in pine remains elusive, as evidence of polyploidy
in pine has not been reported. However, tandem gene duplica-
tions frequently found in pine (Krutovsky et al. 2004) could be
part of the explanation. Nevertheless, it is striking that a diploid
organism can have >200,000 genes.

Gene enrichment by MF

We applied MF to the three groups of plants in order to evaluate
the GEF (calculated as the percentage of genes in the MF library
divided by the percentage of genes in the WGS library) in each
genome. MF enriched for genes in all plant libraries tested (Fig.
3). We then used the observed GEF to calculate additional pa-
rameters, based on the assumption that almost all genes are un-
methylated. If this assumption is true, then 1/GEF is a reasonable
approximation for the proportion of the genome that is unmeth-
ylated, or UM/N, where UM is the size of the unmethylated ge-
nome and N is the total number of sequences (Palmer et al.
2003). First, we calculated UM by dividing the genome size by the
GEF (Table 2). Next, we calculated the proportion of unmethyl-
ated repeats (r/R). This can be calculated by dividing the fraction
of repeat matches in MF reads (r/UM) by the GEF, as well as by
the fraction of repeat matches in WGS reads [t/R = (r/
UM) X (UM/N) X (N/R)]. We then estimated the size of the
“gene space” by subtracting the fraction of unmethylated repeats
from UM (UM — 1).

In general, GEF increases proportionately with genome size,

as expected (Fig. 3A). As a result, monocot genomes have a com-
parable gene space between 160 and 200 Mbp. Maize has a GEF
of 13.15, which is higher than previously reported (Palmer et al.
2003), possibly due to improvements in transposon annotation
and sequence quality, although sampling error may also contrib-
ute. One exception is bread wheat, which has a low GEF and a
huge gene space at least five times larger than that of other
grasses (Table 2). This is due to a very high gene density in un-
filtered reads, implying a very high gene number. We considered
several explanations. First, the effective genome size may be
smaller than 16.8 Gbp if a large fraction of the genome was com-
posed of homopolymeric repeats and palindromes, which cannot
be cloned in plasmid vectors. This seems unlikely given that bac-
teriophage libraries yield single-copy genes at expected frequen-
cies (Martienssen and Baulcombe 1989). Second, it is possible
that wheat is far more polyploid than initially suspected, so that
diploids are actually ancient hexaploids. However, WGS sam-
pling of wild wheat progenitors of hexaploid wheat suggests a
more reasonable number of genes, comparable to that of rice
(Table 1). A third possibility is that repeats are frequently un-
methylated, so that methylation filtering has little impact. This
contributes to the low GEF in wild wheat, in which at least 21%
of repeats are unmethylated (Table 2), but the proportion of un-
methylated repeats in bread wheat (7%) was comparable to that
of other grasses (Table 2).

Thus, hexaploid wheat has an unusually large number of
genes. If they were functional, this would lead to genetic redun-
dancy beyond even that expected for a hexaploid, which seems
unlikely. Rather, our results indicate the vast majority of these
“genes” are methylated, and likely to be pseudogenes that have
been recently amplified and silenced (Bedell et al. 2005). This is
not the explanation for low filtering in diploid wild wheat,
which has normal numbers of genes but a high proportion of
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Figure 3. Gene enrichment for each species. (A) Monocots. The expected GEF is calculated by
extrapolation of the gene frequency found in rice to a genome of the corresponding size. (B) Dicots.
The expected GEF is calculated by extrapolation of the gene frequency found in soybean to a genome
of the corresponding size. (C) Same as B using tomato as a reference. (D) Non-angiosperms. The
expected GEF is calculated by extrapolation of the gene frequency found in rice to a genome of the
corresponding size. The GEF values are listed in Supplemental Table 1, and a list of all gene matches

is shown in Supplemental Table 2.

unmethylated transposons, which may therefore be active. It
should be noted that different DNA preparations were used for
MF and WGS libraries in this case, introducing potential experi-
mental error (Li et al. 2004). Also, sequences corresponding to
300 WGS clones from bread wheat have been recently submitted
to GenBank (CW511369-CW512048) and have many fewer gene
matches than our larger sample, but this may be due to sampling
ITOT.

The observed GEF in dicots was somewhat lower than in
monocots based on ploidy and genome size (Fig. 3B), resulting in
a larger but comparable gene space. Soybean has a GEF of 2.5,
which is reasonable if we consider soybean a tetraploid with a
sub-genome size of 550 Mbp. For this reason and because it is
the smallest genome or sub-genome, we used soybean as the
reference genome size. With the exception of tomato, the
only diploid analyzed, all dicot plants also have a higher than
expected number of genes (Fig. 2B). This is probably because
of cryptic polyploidization that would increase the number of
genes in each genome. If tomato is used as the reference genome
instead, the GEF of the partial polyploids oilseed rape and
soybean are higher than expected, while cotton and potato have
the opposite trend, and the observed levels of GEF are closer to
the expected ones (Fig. 3C). In either case, potato and cotton
show the lowest observed to expected GEF ratio. One explana-
tion is that these genomes have a higher number of methylated
pseudogenes, similar to that of bread wheat but not as exagger-
ated. Cotton is a much older polyploid than bread wheat and
potato.

Remarkably, genes and repeats are differentially methylated
also in primitive plants. Moss has a higher GEF than rice, but fern

has a GEF of 5.19, which is lower than
expected for a 9000-Mbp genome (Fig.
3D). Polyploidy is unlikely to be the en-
tire explanation, as overall gene number
is similar to those of diploid angio-
sperms (Table 1). The GEF of 3.26 found
in pine is also very low for a 21,600-Mbp
genome. We cannot explain this low
level of enrichment. If a fraction of the

B GEF

O Expected GEF relative
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& & S large number of genes found in pine

WGS sequences were methylated pseu-
dogenes, it would result in a low GEF,
but we do not know if this is the case.
We also analyzed the frequency of
McrBC restriction sites that overlap po-
tentially methylated sequences both in
genes and repeats for each dataset (see
Methods). Sequences depleted of McrBC
sites are expected to be enriched in MF
libraries regardless of methylation and
often correspond to repeats that accu-
mulated C to T transitions (Palmer et al.
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2003). Consistent with the large-scale
analysis in maize (Palmer et al. 2003), all
monocot repeats have a lower frequency
of McrBC sites in MF libraries than
WGS, suggesting that many repeats re-
covered in filtered libraries are probably
ancient, mutated copies of repetitive el-
ements. In contrast, as genes are mostly
unmethylated in plants, genic MF reads
are not expected to have a lower McrBC
site frequency. In fact, genes have generally higher frequencies of
McrBC sites in MF libraries than genic sequences found in WGS
(Fig. 4).

Polyploidy, gene duplication, and gene loss

We have estimated the gene content of a wide variety of plant
genomes, as well as the size of the unmethylated gene space.
Gene content varies widely reflecting extensive genomic dupli-
cation through polyploidy. Even those plants that are considered
diploids may have descended from a polyploid ancestor (Leitch
and Bennett 1997; Blanc et al. 2003) following extensive genome
rearrangements (Song et al. 1995; Liu et al. 1998; Osborn et al.
2003). In contrast, the size of the unmethylated sub-genome is
remarkably similar from species to species, despite huge differ-
ences in genome size, suggesting that methylation of repeats has
played a major role in the expansion of plant genomes (Martiens-
sen 1998), accounting in part for the C-value paradox.

Among the monocots, maize and bread wheat have the larg-
est differences in gene content per sub-genome relative to rice;
while maize has lost half of its genes, wheat has gained more
than twice as many. This difference may be related to the timing
of polyploidization in each species. The hexaploid bread wheat
genome has three components A, B, and D, and the wild wheat
Ae. tauschii is thought to have contributed the D genome. As wild
wheat has a normal gene number, the pseudogene expansion in
bread wheat occurred either in the AB tetraploid progenitor gen-
erated ~0.5 Mya (Huang et al. 2002) or after the hexaploidization
event that occurred only 8000 years ago (Feldman et al. 1995).
Our analysis suggests that it was accompanied by a dramatic
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Table 2. Gene space size and level of gene-enrichment of the studied plants

of most ferns being paleopolyploids

(Gastony 1991). The extremely

Gene Percent . . .
enrichment Unmethylated Unmethylated Gene repeats in hl.gh m.lmt.)?r of pine genes is puz-

Monocots factor (GEF) repeats (%r/R) space space MF sequences  zling. Significant sequence data and
a detailed evolutionary analysis

E'Ce o 1323 ”75; EE 13‘51 12(2); would be required to have a more

orghum . . . . .

Maize 13715 5 203 161 20.53 complete picture of the evolution

Barley 18.68 3 289 181 37.37 of this and other complex plant ge-

Bread wheat 4.71 7.2 1189 942 20.8 nomes. The higher frequency of

Wild wheat 3.8 21.4 1052 510 51.54 McrBC sites in MF genes versus

Dicots WGS genes observed in some plant
species is also intriguing (Fig. 4).

Soybean 2.47 7 223 216 3.46 Genes poor in McrBC sites found in

Oilseed rape 2.83 6.1 194 186 3.97 WGS libraries could be pseudo-

$0tat2 gg; 1;? gg? ;g? 1?32 genes, which are thought to be

omato . . . .

Cotton 315 91 276 450 542 abundant in rice (Benr-letzen et al.
2004), but more extensive sequence

Non-Angiosperms data will be necessary to resolve this
issue.

Moss 2.51 45.5 151 138 8.7

Fern 5.19 12.1 1349 1122 16.82 Conclusions

Pine 3.26 18.2 6626 5784 12.7

Our results demonstrate that, as in

amplification of genes that were subsequently silenced by meth-
ylation. Pseudogene duplication may have involved transposable
elements, as recently documented in rice (Jiang et al. 2004), con-
sistent with gene reactivation by transposons in synthetic allo-
polyploids (Kashkush et al. 2003). In contrast, maize is a much
more ancient polyploid in which genes that were duplicated (and
potentially silenced) have been lost over evolutionary time, re-
turning it to a diploid gene content (Ilic et al. 2003; Lai et al.
2004b; Langham et al. 2004).

Among the dicots examined, the two Brassica genomes are
closely related and have also undergone
gene loss following polyploidy. Oilseed

rape is a recent allopolyploid account- A

ing for the slightly larger number of 018

genes per sub-genome. Cabbage is de- gii

rived from the same ancestral hexaploid o

as the parents of oilseed rape, but has 0.1

lost fewer genes per sub-genome, possi- g'gi

bly because it has not undergone recent o
hybridization. Potato is also a recent tet- 0.02

raploid and has an excess of genes in ¢ . N
each sub-genome (Table 1). Cotton is a < (§°@ &
relatively old (1.5 Myr) tetraploid ¥
(Senchina et al. 2003), but it still has a B

large number of genes per sub-genome,

perhaps due to a slow process of gene 0.14

loss consistent with a proposal that du- 0.12 -

plicated cotton genes evolve indepen- 01

dently (Cronn et al. 1999).

Moss, fern, and pine, included in
the third group, are evolutionarily very
distant from the angiosperms. It is pos-
sible that sequence divergence, together B

A
&
2

2
0(6

maize and sorghum, the unmethyl-

ated portion of most plant genomes
is very gene-rich, while a high proportion of transposons is
heavily methylated. Most dicot species have an excess of genes
compared with Arabidopsis and appear to have undergone one or
more rounds of polyploidization, accompanied by dramatic
changes in gene content. Furthermore, there is some evidence of
changes in DNA methylation during polyploidization, in agree-
ment with other studies (Lee and Chen 2001; Shaked et al. 2001;
Madlung et al. 2002; Adams et al. 2003, 2004). In the monocot
plants studied, there is a good correlation between GEF and ge-
nome size, with the exception of the two wheat species. The

OMF Repeats
B WGS Repeats
COMF Genes
WMWGS Genes

\&‘@& «\&%&
> $\\b
Cc
0.12
0.1
OMF Repeats 0.08
HWGS Repeats LIMF Repeats
O MF Genes 0.06 W WGS Repeats
BEWGS Genes OMF Genes
0.04 B WGS Genes
0.02
< o -
0
O’é o & ¢
& & S

. . . QS & Q Q
with a database bias, may result in an & F F &0@‘
. . O 2
underestimation of gene content of 7
these species. This may be the case in Figure 4.

fern, which shows only a slightly higher
than expected number of genes in spite

Frequency of McrBC recognition sites in genes and repeats in each WGS or MF set of
sequences. (A) Monocots, (B) dicots, (C) non-angiosperms. A classification of repeat content in each
genome is described in Supplemental Table 3.
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relatively low GEF observed in each case appears to be explained
by different phenomena. In wild wheat, unmethylated repetitive
elements are recovered in MF libraries. Due to its large genome,
even a small fraction of the total repetitive content may represent
a large portion of the sequences in an MF library, reducing the
frequency of genes. In cases like this, other gene enrichment
approaches such as HC (Yuan et al. 2003) could be attempted to
achieve extensive gene representation, because a large number of
unmethylated repeats could be eliminated in an HC library.
However, no such wild wheat library has been sequenced to our
knowledge. In bread wheat, however, a large number of methyl-
ated pseudogenes appears to be the explanation, rather than
seven- to ninefold more functional genes than other grasses. In
agreement with this conclusion, sequences from an HC library of
bread wheat, deposited in Genbank (CL900626-CL902992 and
CW991694-CW991860), have a comparable (actually slightly
lower) gene density than our MF library (data not shown). The
lower frequency might result from hybridization of adjacent du-
plicates of pseudogene sequences in the snap-back fraction,
which is eliminated from these libraries. Thus, if extensive gene
coverage is achieved in hexaploid wheat by a combination of MF
and HC, it will be possible to determine the methylation status of
the recovered genes, providing additional epigenetic information.
From a practical point of view, although incorrect genome
size estimations, differences in sequence read lengths, and data-
base biases may be sources of errors in our analysis, MF is a tool
for methylation analysis of plant genomes, and a gene-enriched
sequencing strategy when applied to large plant genomes.

Methods

Plant material

Bread wheat, rice, barley, soybean, potato, tomato, oilseed rape,
and cotton were grown in a greenhouse and mature leaves were
collected for nuclear DNA preparation. Inflorescence tissue was
used for oilseed rape nuclear DNA preparation. Mature green-
house-grown fern sporophytes (Carolina Biological Supply Com-
pany), whole moss plants, and mature pine needles were used for
nuclear DNA preparations. Inbred lines and cultivars are listed in
Supplemental Table 1.

Library construction and sequencing

Nuclear DNA was purified, mechanically sheared, and cloned
into pUC19 using 3-nucleotide overhang adaptors as described
(Rabinowicz 2003) or into pBCSK as described (Bedell et al. 2005).
DNA ligation reactions were transformed into mcrBC+ E. coli
strains (DHS5« or JM107). WGS libraries were constructed in the
same way except that they were transformed into the mcrBC —
strains DH10b or JM107MA2. Clones were sequenced using Big
Dye Terminator chemistry (Applied Biosystems, Inc.) and ABI
3700 sequencers. The number and average read length of the
sequences are reported in Supplemental Table 1.

BLAST analysis

Sequences were first trimmed for vector and low-quality se-
quences. Then, all sequences <100 bp or that had a match on our
organelle database (Palmer et al. 2003) at E< 10 3° were ex-
cluded from any further analysis. The remaining sequences were
first compared using BLASTN to our (Palmer et al. 2003) and
TIGR’s (http://www.tigr.org/tdb/e2k1/plant.repeats) repeat data-
bases, which exclude MITES and microsatellites due to their as-
sociation with genes that may result in misclassification of genic

sequences as repetitive. The percentage of sequencing with a re-
petitive match at E < 10~ '° was recorded (Supplemental Table 1).
Then sequences were compared using BLASTX to a protein data-
base of known genes (Palmer et al. 2003). Any sequence match-
ing a protein at E< 107 that does not match any repeat was
considered genic.

McrBC sites content

McrBC cuts methylated DNA in the sequence [A/G]C, where the
C is methylated, and most methylation in plants occurs in the
sequences CG or CNG. So we calculated the frequency of the
McrBC sites overlapping potentially methylated sequences:
[A/G]CNG, [A/G]CG, CG[C/T], and CNGI[C/T].

Gene content calculations

It is difficult to estimate the number of genes in an organism by
sampling the genome with a few hundred or thousand sequenc-
ing reads. However, it is possible to estimate the number of genes
relative to a known genome that has been completely sequenced
and annotated, and which has a similar set of gene products and
similar gene architecture. For example, we know that the rice
genome is 400 Mbp and contains approximately 41,000 genes.
By taking about a thousand random reads from rice and perform-
ing a BLAST search against a given database, we can estimate the
relative “gene density” found in rice as the percent matches at a
given cutoff. Similarly, we can estimate the relative “gene den-
sity” of another species by sequencing a comparable number of
random reads and calculating the percent matches to the same
database. The ratio of these two numbers provides a fraction (e.g.,
twice as dense or half as dense as rice), which can be multiplied
by the total number of genes in rice (41,000), and by the relative
genome size, to estimate the gene number. If the BLAST database
is very carefully curated to remove repeats, this estimate will be
much more accurate than if GenBank, for example, is used.
Therefore, we calculated the monocots’ gene numbers as follows:
We considered the number of genes (G) in rice to be 41,000, as
estimated from completely sequenced chromosomes and exten-
sive annotation and analysis (Feng et al. 2002; Sasaki et al. 2002;
The Rice Chromosome 10 Sequencing Consortium 2003). Let the
genome size of species A be S(A), and the “gene density” (g) be
the proportion of WGS reads that match genes from our curated,
known plant gene set (smaller than the actual set of plant genes).
This is related to the real gene density by some constant k, which
is the same for all plant species. Then g(A) = k G(A)/S(A). In Spe-
cies A, the number of genes can be calculated in the following
way:

the relative gene density or g(A)/g(rice)
= [k G(A)/S(A)]/[k G(rice)/S(rice)]

therefore, G(A) = g(A)/g(rice) X G(rice)/S(rice) X S(A)
= g(A)/g(rice) x S(A)/S(rice) x 41,000.

For example, in Table 1, the Arabidopsis genome is less than 1/3
the size of the rice genome, but is more than twice as gene dense
(22% rather than 8.5%). It would therefore be expected to have
2/3 as many genes, or 27,000. This is close to the observed value
(26,300). Of course, gene family architecture (number of copies
per family) and other factors will not be constant between species
and will impact these estimates to varying degrees, but they are
useful estimates nonetheless.

In order to ensure the most uniform gene architecture and
gene content in our reference genomes compared to our sample
genomes, monocot sample sequences were compared with rice,
while dicot sample sequences were compared with Arabidopsis.
For non-angiosperms, we also used rice as the reference genome.
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We used published reference genome sizes and published refer-
ence gene numbers for rice and Arabidopsis, respectively, in our
calculations (Table 1). Clearly, as these reference genomes are
updated, the estimated gene numbers in our sample genomes
will change.

The expected percent of gene-matching reads in Figure 2, A
and C were calculated using the 400-Mbp genome size and the
8.4% gene matches observed in rice as the reference genome
(assuming that each diploid sub-genome has the same gene num-
ber as rice, 41,000, we can calculate the “expected” level of gene
enrichment for any given genome). First, the relative genome
size was calculated by dividing each actual genome size by the
rice genome size (400 Mbp). Then, the 8.4% gene matches (found
in rice) were divided by the relative genome sizes to obtain the
corresponding expected percent of gene-matching reads. Num-
bers in Figure 2B were calculated in the same way, but using
Arabidopsis as a reference.
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