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Abstract A collection of 9,990 single-pass nuclear
genomic sequences, corresponding to 5 Mb of tomato
DNA, were obtained using methylation filtration (MF)
strategy and reduced to 7,053 unique undermethylated
genomic islands (UGIs) distributed as follows: (1) 59%
non-coding sequences, (2) 28% coding sequences, (3)
12% transposons—96% of which are class I retroele-
ments, and (4) 1% organellar sequences integrated into
the nuclear genome over the past approximately
100 million years. A more detailed analysis of coding
UGTIs indicates that the unmethylated portion of tomato
genes extends as far as 676 bp upstream and 766 bp
downstream of coding regions with an average of 174
and 171 bp, respectively. Based on the analysis of the
UGTI copy distribution, the undermethylated portion of
the tomato genome is determined to account for the
majority of the unmethylated genes in the genome and is
estimated to constitute 61 £ 15 Mb of DNA (~5% of the
entire genome)—which is significantly less than the
220 Mb estimated for gene-rich euchromatic arms of the
tomato genome. This result indicates that, while most
genes reside in the euchromatin, a significant portion of
euchromatin is methylated in the intergenic spacer re-
gions. Implications of the results for sequencing the
genome of tomato and other solanaceous species are
discussed.

Communicated by R. Hagemann

Y. Wang - R. S. van der Hoeven - L. A. Mueller
S. D. Tanksley ()

Department of Plant Breeding and Genetics,
Department of Plant Biology, Cornell University,
Ithaca, NY , 14853 USA

E-mail: sdt4@cornell.edu

Tel.: +1-607-2551673

Fax: +1-607-2556683

R. Nielsen
Department of Biological Statistics and Computational Biology,
Cornell University, Ithaca, NY, 14853 USA

Introduction

CpG and CpNpG methylation is common in plants and
plays a pivotal role in controlling gene expression,
especially silencing genes and maintaining epigenetic
states during plant developmental processes (Cao and
Jacobsen 2002; Fojtova et al. 2003; Rabinowicz et al.
2003; Steimer et al. 2004; Ye and Signer 1996; Zemach
and Grafi 2003). Methylcytosine is mostly concentrated
in repetitive sequences in plants, such as long tandem
arrays located around centromeres, at telomeres, and in
nucleolar organizer regions (Bird 2002; Martienssen
1998; Rabinowicz et al. 1999). Furthermore, in the
complex genomes of monocots (e.g., grasses such as
maize, wheat) small blocks of undermethyltated genic
regions (usually 5-20 kb and contain 14 genes) are
intermixed with 5-200 kb blocks of repetitive and
methylated DNA (Bennetzen et al. 1994; Panstruga et al.
1998; Tikhonov et al. 1999; Wicker et al. 2001). In such
genomes, unmethylated regions can extend about 1-2 kb
upstream and downstream of genes, based on bisulfite
sequencing and methylation-sensitive PCR amplification
and enzyme digestion (Antequera and Bird 1988; Ben-
netzen et al. 1994; Martienssen et al. 2004; Nick et al.
1986; Walbot and Warren 1990).

Besides providing a potential mechanism of gene
control, differential methylation patterns between genic
and non-genic regions have also provided a possible
method of selectively cloning and sequencing unme-
thylated, and hence gene-rich, regions of plant ge-
nomes, while avoiding highly methylated, gene-
deficient regions (Burr et al. 1988; Rabinowicz et al.
1999; 2003; Yuan et al. 2002; Palmer et al. 2003). Such
methods could reduce the cost of sequencing the “gene
space” of plant genomes and might be complimentary
to expressed sequence tag methods, which are inher-
ently biased towards more highly expressed genes.
However, the potential downside of selectively
sequencing unmethylated genomic fragments as a sur-
rogate for full genome sequencing are that: (1) signif-



icant portions of repetitive DNA may not be methy-
lated, (2) significant portion of genes are methylated
(at least during some periods of the life cycle)
(Ashapkin et al. 2002; Fojtova et al. 2003; Jacobsen
and Meyerowitz 1997, Walker and Panavas 2001;
Lippman et al. 2004), and (3) sequencing genes via
unmethylated islands, while potentially enriching for
genes, will not likely lead to a contiguous sequence,
hence losing the important parameter of gene order—a
fundamental parameter for comparative genomics or
positional cloning. With regard to the first point, in
maize it is estimated that 17% of its genome is un-
dermethylated DNA, approximately 25% of which
comprises repetitive elements (Palmer et al. 2003).
Concerning the second point, it is known that some
expressed genes are methylated, for example,
SUPERMAN and DRM?2 (domains rearranged meth-
yltransferase) in Arabidopsis, nptll (neomycin phos-
photransferase II) in tobacco, and r/ locus in maize
(Ashapkin et al. 2002; Fojtova et al. 2003; Jacobsen
and Meyerowitz 1997, Walker and Panavas 2001).
Finally, with regard to the third point, most of the
studies of unmethylated DNA have focused on
monocots, such as maize that have an interspersed
pattern of coding and non-coding heterochromatic re-
gions (Palmer et al. 2003; Peterson et al. 2002; Rabi-
nowicz et al. 1999; White and Doebley 1998; Yuan
et al. 2002). Patterns of methylation in dicot genomes
are less well studied than that of monocots. Many
dicot genomes, such as Arabidopsis, Medicago trun-
catula, Cochlearia pyrenaica, tomato, potato, and
eggplant, are organized in long stretches of gene-rich
euchromatin and flanked by heterochromatic centro-
meric and telomeric regions (Gottschalk 1954; Kakes
1973; Kulikova et al. 2001). While it is believed that
the heterochromatin is highly methylated, the degree of
methylation in the gene-rich euchromatin is currently
unknown.

The current study is focused on deciphering the
content and distribution of unmethylated portion of the
genome of tomato, Solanum lycopersicum L. [= Lycop-
ersicon esculentum Mill]. While tomato is one of the best-
studied dicot species, with a long history of genetic,
cytogenetic, and molecular research, relatively little is
known about the overall structure and distribution of
methylation in this species. Tomato genome contains
950 Mb of DNA, approximately 25% of which is con-
tained in long stretches of gene-rich euchromatin found
at the distal ends of most chromosomes, whereas the
other 75% 1is contained in the gene-deficient, pericen-
trimeric heterochromatin (Arumuganathan et al. 1991;
de Jong 1998; Peterson et al. 1998). In addition, tomato
has one of the lowest G + C contents (37%) of any
plant species; and based on isoschizomer studies, it is
estimated that 23% of the cytosine residues are methy-
lated (Messeguer et al. 1991).

In order to shed light on the amount, composition
and distribution of unmethylated DNA in tomato,
10,370 undermethylated clones were sequenced from
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one end with the MI13 reverse primer. Through
annotation of these undermethylated sequences and
comparisons with high-density EST databases and
previously sequenced genomic BAC clones, one can
provide an overall description of the distribution and
informational content of the unmethylated portion of
this important dicot genome.

Materials and methods
Undermethylated tomato sequence library construction

The genomic sequencing survey in this report employed
the methylation filtration (MF) strategy to enrich the
unmethylated tomato sequences (Rabinowicz et al.
1999). Young leaves were taken from growing tips of
~4-week-old tomato plants, S. lycopersicum cv. TA496.
Tomato genomic DNA was extracted from pelleted
nuclei according to Bernatzky and Tanksley (1986),
completely digested with EcoRI and size-fractioned by
agarose electrophoresis to enrich the 0.5-4 kb frag-
ments. Short EcoRI digested fragments were ligated into
pBluescript SK(—) (Stratagene) and cloned into the
methylation restrictive mcrBC" E. coli. strain JM109
(Stratagene) with the purpose of enriching the library for
non-methylated DNA fragments. The enzyme McrBC in
this host cell can degrade DNA containing methylation
(Raleigh et al. 1988).

Estimation of percentage tomato genomic DNA frag-
ments in size of 0.5-4 kb

After EcoRI digestion, tomato genomic DNA from
TA496 was end-labeled with y—*°P and electrophores-
ised on agarose gel. Radioactive signals were quantitated
using the ImageQuant program (Amersham). One kilo-
base plus ladder (Invitrogen) was used as size standard
to indicate the sizes of tomato fragments. The percent-
age of tomato fragments in the range of 0.5-4 kb was
determined based on the ratio of radioactive signals in
this size range.

Sequencing, assembly, and annotation
of undermethylated DNA

A single-end sequence was generated for each clone
using the M13R primer at the Institute for Genomic
Research (TIGR). In total, 1,0370 sequence reads were
obtained and submitted to Genbank (accession numbers
BHO011826 to BH146113). Trace files were analyzed with
phred (Ewing and Green 1998) for base calling and then
passed through the CAP3 program (Huang and Madan
1999) for assembly. The major parameters used for
CAP3 were 90% identity and 20 bp for an overlap,
which had been successfully used for tomato EST
assembling projects (Wwww.sgn.cornell.edu).
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For computational prediction of the coding regions,
unique assembled sequences (hereafter called underme-
thylated genomic islands—UGIs) were subjected to gene
prediction using Genscan+ (Burge and Karlin 1997),
Glimmer (Salzberg et al. 1998), Unveil (Majoros et al.
2003), and GeneMark (Borodovsky and Mclninch
1993). For functional annotation, Blast was employed to
compare UGIs with 62,447 tomato/potato/pepper EST-
derived unigenes (BLASTN cutoff score 100 and E
value<107'"%) and the entire Arabidopsis proteome
(tBLASTX cutoff score 50 or E value<10~'%) (van der
Hoeven et al. 2002; www.sgn.cornell.edu; www.Arabid-
opsis.org). The cutoff score 50 and 100 for tBLASTX
and BLASTN program were employed to avoid the
detection of short virtually identical sequences that
might have relatively low E values. As a control, each
undermethylated sequence was randomized with respect
to nucleotide order and the entire set was subjected to
the same assembly and annotation processes as de-
scribed previously. The randomization maintained the
nucleotide composition while scrambling the nucleotide
order (Bedell et al. 2005; Korf et al. 2003).

Southern hybridization for genetic mapping

For genetic mapping of BAC clones, DNA probes were
amplified from BAC DNA using primers designed from
annotated exons. These clones were then mapped onto
the high-density tomato map based on a population of
80 F2 individuals from the cross S. [lycopersicum
LA925%S. pennellii LA716 (Fulton et al. 2002; http://
www.sgn.cornell.edu/cgi-bin/mapviewer). RFLP analy-
sis and Southern blot analysis were performed as de-
scribed in Fulton et al. (2002).

Detection of organellar DNA-like sequences in tomato
nuclear genome

UGTIs with significant homology to tobacco chloroplast
(Z00044) and Arabidopsis mitochondrial (NC_001284)
sequences were identified with BLASTN program (£
value < 107! and bit score >100). As a point of refer-
ence, two tomato chloroplast genes, RBCL (L14403)
and NADH (U08921), have 97-98% sequence identity to
their tobacco chloroplast counterparts (Shinozaki et al.
1986). Likewise, BLASTN results of five bonafide to-
mato mitochondrial genes (D84426, X54738, X54409,
X53397, and AF362735) showed 93-97% identity as the
Arabidopsis mitochondrial sequences (Unseld et al.
1997). UGIs containing only chloroplast or mitochon-
drial homologous DNAs and have sequence identity of
more than 97% for chloroplast and 93% for mito-
chondria sequences were assumed to be organellar
sequences and were eliminated for the further analysis.
UGIs with homology to organellar DNA, yet containing
flanking non-organellar (and presumably nuclear)
sequences were classified as organellar sequences trans-

ferred into the tomato nuclear genome. In order to
compare the amount of organellar sequence insertions in
the tomato nuclear genome and the organellar sequences
in the Arabidopsis and rice nuclear genome, the pairwise
comparison of organellar sequences and nuclear se-
quences for each species was performed by the BLASTN
program for Arabidopsis and rice. The following se-
quences were used: complete chloroplast genome se-
quences of A4. thaliana (NC_000932), and Oryza sativa
(NC_001320), complete mitochondrial genome se-
quences of A. thaliana (NC_001284) and O. sativa
(NC_001751, NC_001776), all five assembled Arabid-
opsis  chromosomes  (NC_003071, NC_003071,
NC_003074, NC_003075, NC_003076), and 12 rice
pseudomolecules of O. sativa ssp. japonica
(358,546,961 bp) (www.tigr.org).

Comparison of UGIs with sequenced/annotated BAC
clones

Tomato UGIs were compared with ten previously se-
quenced tomato BACs using BLASTN program (Mao
et al. 2001; van der Hoeven et al. 2002; plus AY 881150,
AY881151, and AY881152). Seven of these BACs were
isolated from a tomato BAC library by the virtue of a
screen with a known gene and three were randomly se-
lected from the same library (Budiman et al. 2000; Mao
et al. 2001; van der Hoeven et al. 2002). In order to be
counted as a match with a BAC clone, an UGI had to
share >98% identity and the aligned had to extend
290% of the total length of the UGI (Palmer et al. 2003).
BACs were re-annotated based on the guideline of rice
genome annotation (Table 1, Goff et al. 2002; Yu et al.
2002). The gene content of each BAC was predicted with
four computational gene finder programs: FGENESH
(Salamov and Solovyev 2000), GenemarkHMM (Bor-
odovsky and Mclninch 1993), Genscan+ (Burge and
Karlin 1997, Arabidopsis matrix; http://genes.mit.edu/
GENSCAN.html), and GlimmerM (Salzberg et al.
1999). BACs were further annotated for gene content via
comparisons with both the predicted Arabidopsis pro-
teome (www.Arabidospsis.org) and the tomato EST-
derived unigene set (www.sgn.cornell.edu). For this
analysis, a BAC region had to match a member of the
Arabidopsis proteome (E value <107'* for tBLASTX)
and/or tomato EST-derived unigenes (95% identity over
80% sequence length of each unigene) to be considered a
coding region.

Estimating the extent to which UGIs cover 5" non-cod-
ing, coding and 3’ non-coding regions

After comparing UGIs with Arabidopsis gene models
using BLASTX, high-scoring segment pairs (HSPs) were
mapped to the corresponding non-transposon Arabid-
opsis gene model for searching the boundaries of coding/
non-coding regions. The non-aligned UGI sequences



Table 1 Ten tomato BAC clones used for comparing with UGIs
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BAC GenBank Number of Non-TE genes Number of Location in References
name accession predicted  confirmed by transposon-related tomato genome

number genes Arabidopsis proteome genes

or tomato ESTs

18109* AY881150 10 0 10 Heterochromatin  Unpublished data
181C9* AYS881151 6 0 6 Heterochromatin  Unpublished data
181KI1* AYS881152 10 0 10 Heterochromatin unpublished data
47113  AF411804 6 0 6 Heterochromatin van der Hoeven et al. 2002
207* AF411805AF411806 6 2 4 Heterochromatin van der Hoeven et al. 2002
62011  AF411808 7 7 0 Euchromatin van der Hoeven et al. 2002
127E11  AF411807 19 18 0 Euchromatin van der Hoeven et al. 2002
FW2.2 AF411809 20 20 0 Euchromatin van der Hoeven et al. 2002
BAC19 AF27333 18 16 0 Euchromatin Ku et al. 2000
240K04 AF275345 15 13 2 Euchromatin Mao et al. 2001
Total 117 76 38

“These BACs have unknown size sequence gaps

were assumed to be non-coding sequences. The UGIs
were then categorized as 5" upstream non-coding, cod-
ing, 3’ downstream non-coding based on the HSPs.

Use of maximum likelihood statistics to estimate the
total unmethylated portion of the tomato genome

Maximum likelihood was used to estimate the total
unmethylated portion of the tomato genome based on
five assumptions: (1) the tomato genome is fully digested
at EcoRI sites regardless of methylation status; (2) only
clones containing EcoRI fragments free of methylation
can survive the cloning process and pass through the
methylation restrictive merBC " E. coli (Sutherland et al.
1992); (3) tomato genome is comprised of a mixture of
sequences that occur both as single copy as well as re-
peated sequences, which exist in two or more copies; (4)
a total of n sequence copies have been sampled with
equal probability; (5) the total length of the unmethy-
lated genome is mN, where m is the average distance
between two restriction sites, N is the number of distinct
sequences with EcoRI ends in the tomato genome. Due
to the size selection for constructing the methylation
filtration library, only a total of N’ distinct sequences
with EcoRI ends were cloned into the library. Thus, the
percentage of EcoRI fragments in the tomato genome,
which fall within the size constraints of the EcoRI library
used in this project is » = N’/N. Therefore, if the sam-
pling fraction is defined as f = n/N’ = n/Nb, the total
length of the unmethylated genome should be estimated
as mN = mn/fb. The probability of sampling a single
copy sequence Y times is

Pe(y =) = (5 JUNP (= N m e TP ()

where the last equality holdsasn — oo, N — oo, and n/
N — f. Similarly, the probability of sampling Z copies
of a sequence that exists in K copies in the genome is
approximately

Pr(Z = z|K = k) = e ¥ (k)7 /2! (2)

Assuming the probability that any particular sequence
exists in the genome as a single copy with probability p,
and belongs to a family of repeated sequences with
probability 1—p, the total probability of observing X
copies of the sequence in the sample is

Pr(X =x) =pPr(Y =x)

+(1 —p)zoc:Pr (Z =x|K =k)Pr(K =k),

3)

where Pr(K=k) is a proper probability mass function on
ke{2,3,....,}. Tt is assumed that Pr(K=k) is given by a
truncated geometric distribution

Pr(K =k) =q(1 —¢q)"?, 0<g<l, (4)

because this distribution provided a better fit to data
than any other single parameter distribution examined,
such as the Poisson distribution. The resulting proba-
bility mass function for X can be expressed in terms of a
polylogarithm function as
e/ fx(1 - —14eLi_,(e/(1 -
prx =) = a)rip : (=P}
(1 = p)x!
(5)

where the polylogarithm function Li_, (a) for an integer
X is given by

Li_(a)

B ., . x i+1 L x+1 i ax_l-
—(1-a) ZO<203< 1)( ' )( m)) .
©)

To correct for the fact that sequences occurring in fre-
quency zero in the sample are unobserved, the likelihood
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function for the three parameters is defined as

Pr(X =x)

Lpa fIX =% =1 —pir —oy

(7)
This likelihood function can be maximized with respect
to p, ¢, and f to yield a joint maximum likelihood esti-
mate of these parameters. However, due to the limita-
tion of computational power with only one parameter
(1—p) indicating the probability of repetitive sequences
in the genome, sequences with very high copy numbers
were not well represented in this model (Fig. 1a).
Therefore, any sequences occurring in a frequency larger
than 40 in UGIs were treated as outliers. The maximum
likelihood estimated with and without outliers was
—4,540.5 and —4,402.0, respectively. Although the esti-
mate of the parameters of the geometric distribution
does change substantially depending on whether outliers
are included or not (¢ =0.026 for data including outliers
vs. ¢ =0.068 for data excluding outliers), the estimate of
the sampling fraction is relatively robust to assumptions
regarding outliers (f=0.380 vs. f=0.359). Thus, the
outliers did not significantly affect the estimation.

Statistical comparisons of potential methylation sites,
GC contents, and the maximum length of ORFs
among UGIs, random sequences, and tomato
EST-derived unigenes

UGIs, tomato EST unigenes, and random sequences
were scanned in a sliding window of size 3 to determine
the number of potential methylation sites, CpG/GpC
and CpNpG/GpNpC. The paired Student’s ¢ test was
carried out in Microsoft excel for comparing the number
of CpG/GpC and the number of CpNpG/GpNpC in
each type of sequences, for example, UGIs, sequences
with randomized nucleotide bases, and EST-derived
unigenes. The multiple comparisons with Turkey test
were carried out using the SAS program for GC con-
tents, the maximum length of ORFs, and the number of
potential methylation sites among different types of se-
quences.

Results and discussion
Contig assembly of MF sequence reads

The average size of clone inserts in this EcoRI digested
methyl-filtered genomic library was 1.4 kb and ranged
from 205 bp to 5.7 kb based on a sample of 56 clones. A
total of 10,370 sequence reads were obtained from this
library, with an average length of 483 bp ranging from
150-845 bp. After assembly, these reads were con-
structed into 7,107 unique sequence contigs (UGIs) with
a mean length of 508 bp, mode of 699 bp, and range of
103-2,009 bp. The distribution of numbers of singletons
and UGIs with 22 members is depicted in Fig. 1b.
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Fig. 1 a The distribution of observed and expected number of
UGIs assuming that the tomato genome contains only unique
sequences (poisson distribution) or both single-copy sequences and
repeated sequences (mixture distribution). The mixture distribution
was used for maximum likelihood estimation of the undermethy-
lated portion of tomato genome. b Comparison of the distributions
of all tomato nuclear UGIs and non-organellar UGIs, suggesting
that UGIs with large membership are mostly organellar-like
sequences in the tomato nuclear genome

Organellar-derived UGIs

UGIs comprised of true organellar DN A

BLASTN searches identified 136 and 28 UGIs having
significant homologies with the fully sequenced tobacco
chloroplast genome (Z00044) and Arabidopsis mito-
chondrial genome (NC_001284), with E value<10~'°
and bit score > 100. For both cpDNA and mtDNA, the
histograms of BLASTN match scores gave bimodal
distributions (Fig. 2). The results suggest that the peak



showing highest overall homology to either chloroplast
or mitochondrial DNA may actually derive from the
organellar versus nuclear genome. As a point of refer-
ence, two previously sequenced tomato chloroplast
genes, RBCL (L14403) and NADH (U08921), have 97 to
98% sequence identity with match scores of 2,663 and
3,700 to their tobacco chloroplast counterparts, respec-
tively. Likewise, BLASTN results of five bonafide to-
mato mitochondrial genes (D84426, X54738, X54409,
X53397, and AF362735) showed 93 to 97% identity with
match scores from 383 to 2,825 when compared with the
sequence of the Arabidopsis mitochondrial genome.
Based on these results, it is inferred that the second,
higher homology peak, corresponds to true organellar
clones (Fig. 2). Thus, in total, there are four UGIs
(0.05%) for mitochondrial DNA and 50 UGIs (0.7%)
for chloroplast DNA. A more detailed examination of
these UGIs revealed that they are homologous
throughout their length with their organellar counter-
parts (thus containing no contiguous nuclear DNA se-
quences) further bolstering the conclusion that these
UGIs correspond to tomato chloroplast or mitochon-
drial genomes. Therefore, these 54 UGIs corresponding
to 380 sequence reads were discarded for further anal-
ysis. After eliminating true organellar-derived UGISs, this
survey sampled 9,990 undermethylated sequences from
tomato nuclear genome, corresponding to 7,053 UGIs
with an average size of 507 bp.

UGIs corresponding to organellar sequences integrated
into the nuclear genome

The remaining 110 UGIs, showed much lower homol-
ogies with their organellar counterparts (Fig. 2). More-
over, 84 (76%) of these also contained sequences bearing
no homology with organellar genomes. These combined
pieces of evidences lead to the conclusion that the
majority of these 110 UGIs represent fragments of or-
ganellar DNA integrated throughout the nuclear gen-
ome, a phenomenon apparently common in all plant
genomes (Pichersky et al. 1991; Shahmuradov et al.
2003). Since the majority of these UGIs did not repre-
sent full-length organellar genes and/or had premature
stop codons, it seems unlikely that they are functional. It
is estimated that these sequences represent integrations
that have occurred over the time of 4.8-95 million years
ago, assuming random decay of the originally integrated
sequence and local molecular clock on a phylogenetic
tree, as well as 100 million year divergence time between
tomato and Arabidopsis (Wikstrom et al. 2001; Yang
and Yoder 2003). The level of sequence divergence prior
to the estimated 95 million years would likely be too
great to allow original detection via homology searches.
Likewise, more recent organellar integrations may not
have diverged sufficiently to allow differentiation from
true organellar sequences with the methodology applied.

A total of 24 UGIs were determined to be mtDNA-
like sequences in the tomato nuclear genome, with an
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Fig. 2 Histogram of BLASTN scores of UGIs with tobacco
chloroplast and Arabidopsis mitochondrial DNA matches. Two
histogram peaks representing putative chloroplast UGIs integrated
in nucleus and putative true chloroplast UGIs are depicted

average insertion length of 261 bp ranging from 73 to
693 bp. The average sequence identity to Arabidopsis
mtDNA of these UGIs was 92% with a range of 80—
98%. Similarly, 86 UGIs were identified as cpDNA-like
sequences in tomato nuclear genome, with an average
integration of 360 bp ranging from 70 to 1,205 bp. The
average sequence identity between these cpDNA-like
sequences and the tobacco chloroplast counterparts was
96% with a range of 83-100%. The homologous
cpDNA and mtDNA segments were uniformly distrib-
uted across the tobacco chloroplast genome and Ara-
bidopsis mitochondrial genome (Kolmogorov—Smirnov
test of uniform distribution: P=0.293 for tomato ho-
mologs distributed on tobacco chloroplast genome and
P=0.052 for tomato homologs distributed across the
Arabidopsis mitochondrial genome). Moreover, there
was also no significant difference between the distribu-
tion of UGI counterparts in coding and non-coding
chloroplast segments (Kolmogorov—Smirnov test of no
difference, P=0.1). Therefore, it was most likely that
random portions of the organellar genomes were inte-
grated into the tomato nuclear genome over a long
evolutionary period.

Estimate of the proportion of unmethylated tomato
DNA with an organellar origin

The entire set of 7,053 UGIs generated in this study
comprises approximately 3.6 Mb of undermethylated
nuclear genome, 43 kb (1.2%) of which is integrated
organellar DNA. If these results are extrapolated to the
entire unmethylated portion of the tomato genome
(estimated to be approximately 61 Mb—see following
section), it is estimated that this portion of the tomato
genome contains approximately 1,886 organellar inser-
tions for a total of 734 kb organellar-derived DNA. For
comparison, the Arabidopsis and rice genomes are esti-
mated to contain 300 kb (0.2%) and 680 kb (0.2%) of
organellar insertions, respectively (www.Arabidosp-
sis.org; www.tigr.org) based on the criteria used for the
analysis of UGIs. Since the current study represented
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only the unmethylated portion of the tomato genome,
the amount and number of organellar insertions in the
entire tomato genome is likely to be much greater.

Evidence for the insertion of organellar sequences into
nuclear genes

Blast searching the non-organellar portions of these
nuclear inserted, organellar-derived UGIs against the
tomato EST-derived unigene set and Arabidopsis pro-
teome revealed that only six of these UGIs contain nu-
clear sequences with homology to putative coding
regions. Two of these included sequences with homology
to Arabidopsis  retroelements (At2g01024  and
At2g01028). The other four UGIs contained nuclear
sequences with homology to annotated Arabidopsis
genes: zinc knuckle (CCHC-type) family protein
(At4g00980), proton  extrusion  protein-related
(At4g31040), type 11 intron maturase (At2g07747), and
H " -transporting two-sector ATPase (At2g07671). Pre-
sumably, the insertion of organellar DNA into these
genes would render them non-functional. Whether these
ancient organellar insertions caused them to become
non-functional, or whether they were non-functional
prior to insertion, cannot be determined from these data.
However, the demonstrations that organellar sequences
can insert into coding regions provide further support
that organellar genes have periodically been integrated
into the nucleus in a manner that they come under the
control of nuclear promoters, which may eventually take
over the function of the original organellar counterpart.
Both functional and non-functional organellar DNA-
like sequences were revealed in the Arabidopsis, rice,
and tobacco nuclear genomes (Adams et al. 2002; Ayliffe
et al. 1998; Huang et al. 2004; Timmis et al. 2004).

Non-organellar UGIs

After elimination of all organellar-derived UGIs, 6,943
UGIs—5751 singletons and 1,192 contigs containing
two or more reads were further annotated. The average
number of sequence reads per UGI was 1.3, ranging
from 1 to 165 (Fig. 1b).

UGIs corresponding to highly repetitive sequences

The distribution of UGI copy number violates a theo-
retical poisson distribution (likelihood ratio test,
P<0.01), based on an assumption that the un-
methylated portion of the genome is single copy, due to
a large extent by the presence of higher-than-expected
UGIs with multiple copy membership (Fig. 1a). If the
unmethylated portion of the tomato genome was com-
prised entirely of single-copy DNA, a draw of 9,990
clones corresponding to 5 Mb (as was done in this
project), would be unlikely to generate any contigs
with more than eight read members. Nonetheless, nine

non-organellar UGIs with >8 read members were ob-
served (Fig. 1b). A manual examination of these nine
UGIs revealed that these high-membership UGIs are
usually comprised of “‘stacked” alignments. A stacked
alignment refers to each read member sharing high level
of identity (>95%) in the aligned nucleotides with the
consensus sequences. BLASTN and BLASTX against
GenBank sequences showed that these large contigs
correspond to retroelements, sequences from large gene
families (e.g., serine protease), or ribosomal DNAs.
Moreover, retroclements and rDNAs have been re-
ported to be highly repetitive in plant genome, which
further indicates that UGIs with large membership
corresponding to the repeat sequences in tomato gen-
ome.

The UGI (2,009 bp) derived from the largest cluster
with 165 MF reads matched tomato 18S rRNA se-
quence (X51576) and had high sequence identities
among MF reads (>97%) (Kiss et al. 1989). Assuming
random sampling from the unmethylated portion of
tomato genome, 165 copies of 18S rDNA from 3.6 Mb
UGIs is not proportional to the 2,300 copies of 45S
RNA in the tomato genome (950 Mb) (Ganal et al.
1988). These UGIs contained 497 GpC/CpG and
GpNpC/CpNpG sites for potential methylation, imply-
ing preferential methylation of a significant portion of
rDNA in tomato—a phenomenon already demonstrated
in Arabidopsis (Jasencakova et al. 2003; Johnson et al.
2002; Qu et al. 2001).

GC percent content of UGIs

The average GC percent of non-organellar UGIs was
37%, which is the same value as previously reported for
the non-coding portion of the tomato genome and
among the lowest GC content reported for any plant
species (Messeguer et al. 1991; Wagner and Capesius
1981; Yu et al. 2002). The portion of UGIs determined
to correspond to coding regions by virtue of homology
to the Arabidopsis proteome or tomato EST-derived
unigene set (see next section) showed a GC content of
41%—significantly higher than the overall UGI dataset
(P<0.0001) and is closer to the 46% GC content pre-
viously determined for known tomato genes (Table 2,
Messeguer et al. 1991).

Potential methylation sites in non-organellar UGlIs

In plant genomes, DNA methylation is maintained
preferentially at cytosines in the CpG and CpNpG is-
lands. DNA methylation is one of the important
mechanisms to maintain the heterochromatin state of
DNA and thus to control the gene expression. Exami-
nation of the potential methylation sites in UGIs re-
vealed a significant difference (P <0.0001, ¢ test) between
coding and non-coding UGIs (33 vs. 27 CpNpG sites per
500 bp and 27 vs. 23 CpG sites per 500 bp) (Table 2).
This result is consistent with the notion that non-coding,
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Table 2 The GC content and the distribution of potential methylation sites of CpG or CpNpG in tomato non-organellar UGIs and EST-

derived unigenes

GC% Number of potential methylation sites per 500 bp
GpC CpG GpNpC CpNpG CpG/GpC CpNpG/GpNpC
All UGTs 36.7° 15 10 16° 13¢ 25¢ 29
UGTs with Arabidopsis hits 41.2% 17 10° 17 16° 27° 3302
UGIs without Arabidopsis hits 36.0¢ 1492 10° 16° 114 24° 27%
Random sequence 36.9¢ 17° 17 17 17° 34° 34°
Tomato EST-derived unigenes 39.3° 20% 10° 17 19° 30° 36%

Small superscript letters indicate the significant difference at P < 0.05 from the multiple comparison results
“Indicates that the number of CpG sites is significantly different from the number of GpC sites and the number of CpNpG/GpNpC sites is
significantly different from the number of CpG/GpC sites for each type of sequences at P < 0.05 of paired Student’s 7 test

methylated DNA through deamination and transitions
from ‘5-mC’ to ‘T’ reduces the methylation sites and GC
content of non-coding portions of the genome (McC-
lelland 1983; Messeguer et al. 1991; Rabinowicz et al.
2003). It is also consistent with the difference in GC
content observed between coding and non-coding UGIs
(previous paragraph). Assuming randomized sequences
don’t possess any biological significance of coding versus
non-coding information, a negative control of random-
ized sequences was created by randomizing the order of
nucleotides in each UGI. Randomized sequences had
equal numbers of GpC, CpG, GpNpC, and CpNpG
sites. Thus, CpNpG/GpNpC occurs much more often
than CpG/GpC in the tomato UGIs and EST-derived
unigenes, and the unmethylated CpG and CpNpG is-
lands in UGIs are more likely enriched for genic se-
quences (Table 2). The number of potential methylation
sites were also significantly different between EST-de-
rived unigenes and UGIs (36 vs. 33 CpNpG sites per
500 bp and 30 vs. 27 CpG sites per 500 bp), which might
indicate the low level of methylation in both coding and
UTR regions of EST-derived unigenes.

Annotation of non-organellar UGIs

Of the 6,943 non-organellar nuclear UGIs, 32% (2,210)
were classified as putative functional genes based on the
gene prediction results from GeneMark and GenScan.
As a control, the nucleotides in each UGI were ran-
domized (see Materials and methods for details) and
subjected to the same analysis. Of these randomized
UGIs, 1,405 were also classified as putative genes using
the same criteria. These results suggested that at least
half of the putative 2,210 UGIs classified as coding re-
gions might be false positive. If this is indeed the case, it
is estimated that only 12% (805 out of 6,943 UGIs) of
the UGIs correspond to coding regions based on gene
prediction programs.

As an independent test of the percentage of UGIs
that correspond to coding regions, the same 6,943 UGIs
were blasted against the Arabidopsis proteome and to-
mato/potato/pepper EST-derived unigene sets (Fig. 3,
Table 3). About 33% (2,649) of the UGIs had significant

matches (E value<107'°) with either the Solanaceae
EST-derived unigene set (1,683 matches), Arabidopsis
proteome (1,418 matches), or both (452) (Fig. 3). By
comparison, none of the randomized sequences had
significant matches to Arabidopsis proteome and to-
mato EST-derived unigenes (Table 3).

Of the 966 UGIs with only Arabidopsis matches, 704
were transposons-related genes. Thus a total of 1,945
(28%) non-organellar UGIs are predicted to be non-
transposon genes. As much as 50% of the UGI detected
non-transposons genes have no clear match in the Ara-
bidopsis genome.
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Fig. 3 The number of genic regions identified in UGIs. Two
approaches, BLASTN against tomato/potato/pepper EST-derived
unigene set and BLASTX against Arabidopsis proteome, touched
1,883 and 1,418 genes, respectively, with an overlap of 452 UGIs
potential genes. Since there was 704 TEs in the 966 Arabidopsis-
specific matches, 1,945 (28%) sequences were discovered as non-
transposon genes with a significant match to either an Arabidopsis
predicted protein or a tomato/potato/pepper EST-derived unigene.
In total, 4,185 (59%) sequences out of 7,053 UGIs were not
identified as genic regions by any of these approaches and 803
(12%) (704 +99) UGIs corresponded to TEs
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Significant portion of UGIs correspond to transposon-re-
lated genes

Of the 4,294 UGIs without any match to EST-derived
unigenes or the Arabidopsis proteome, 99 had signifi-
cant sequence similarity with tomato and potato ret-
roelements, for example, TLC1, TONTI1, TOPIEI,
TORTLI1, and TOTOL1 (Fig. 3). Of the 1,418 UGIs with
matches to the Arabidopsis proteome, 704 were classi-
fied as transposable elements (TE). Of these, 652 showed
significant homology with class I retroelements in Ara-
bidopsis, such as Hopscotch, gag-pol, Tyl/copia-type
and so on. Thus, a total of 751 UGIs (29% of all the
putative UGI genes or 11% of all the UGIs in this
survey) were putative retroelements. The remainder, 52
(3% of all the putative UGI genes or 0.7% of all the
UGTIs in this survey) were homologous to known class I1
DNA transposable elements, for example, TNP2, Ac
element, En/Spm, Mutator.

In an effort to shed more light on the transposon
content of the unmethylated portion of the tomato
genome, the number and categorization of TEs was
compared among three independent sequence databases:
(1) the UGIs reported herein, (2) ten previously se-
quenced tomato BACs (five in heterochromatin and five
in euchromatin, Zhukuan Cheng, unpublished data),
and (3) the EST-derived tomato unigene set (Mao et al.
2001; van der Hoeven et al. 2002). Of 117 predicted
genes in ten BACs (Table 1), 36 transposon-related
genes were found in five heterochromatic BACs, and two
in one euchromatic BAC. Thus, there was similar per-
centage of TEs found in putative genic UGIs as that in
gene models in BACs (29% for UGIs vs. 32% for
BACs). Those 38 TEs from BACs were categorized as 37
(97%) class I elements and 1 (3%) as class II element. In
contrast, 128 TEs, 97 (76%) class I, and 31 (24%) class
IT TEs, were identified respectively in the 30,100 tomato
EST-derived unigene set. The proportion of class I to
class II TEs in BACs (97 vs. 3%) and UGIs (96 vs. 4%)
were similar to each other, but significantly higher than
that in the tomato EST-derived unigene set (76 vs. 24%)
(P<0.01). This finding suggests that DNA methylation
is not the only characteristic that differentiates the eu-
chromatin and heterochromatin. Other modifications,
such as lysine and arginine methylation, acetylation, and
phosphorylation of histones, co-operate to regulate
chromatin structure (see review by Lee et al. 2005). In

addition, lack of DNA methylation does not assure
transposon transcription/activity, as only 0.4% of the
tomato EST-derived unigenes versus 29% of the UGI
genes correspond to TE. Hence, mechanisms beyond
DNA methylation must be in play to repress non-
methylated TEs.

Distribution of UGIs across genic regions

The 714 UGIs with non-transposon Arabidopsis mat-
ches were mapped against the Arabidopsis gene models
based on the high-scoring segment pairs (HSPs) from
BLAST results. All these UGIs matched to coding re-
gions of Arabidopsis genes, and contiguous, non-mat-
ched sequences were assumed to be 5" upstream or 3’
downstream non-coding regions. UGIs extended upto
676 bp upstream, with an average of 174 bp, and 766 bp
downstream with an average of 171 bp. Former studies
also indicated that methylation around the transcription
start positions could severely affect the gene expression,
while methylated cytosines were found near the 3’ end of
the genes (Ashapkin et al. 2002; Rabinowicz et al. 2003;
Steimer et al. 2004). Thus, part of the intergenic se-
quences, especially sequences close to the start and the
end sites of tomato genes, in euchromatic regions are
likely to be unmethylated. The BLASTN result of to-
mato UGIs against the 5" and 3 UTRs of Arabidopsis
genes revealed only short HSPs (<50 bp) with high
identity (>90%), which are mostly short-sequence re-
peats. Therefore, it is implausible that the UTRs are
conserved between tomato and Arabidopsis. Due to the
fact that only UGIs with Arabidopsis hits (37% of
putative genes in UGIs) were used for the estimation of
5" upstream and 3’ downstream extensions, one cannot
rule out the possibility that some UGIs, classified as
non-coding, may correspond to unmethylated regions
extending even further upstream or downstream of
functional genes.

Non-coding UGlIs

The remaining 4,185 UGIs showed no significant
homology with tomato/potato/pepper EST-derived
unigenes and Arabidopsis proteome, thus, are presum-
able non-coding sequences. Moreover, none of these
UGIs showed sequence homology to the three most

Table 3 Annotation of UGIs using computational prediction, BLAST search against tomato/potato/pepper EST-derived unigenes and

Arabidopsis proteome

Number of
computationally
predicted genes

EST matches

Arabidopsis matches Average length

of maximum ORF (bp)

UGIs with Arabidopsis match 821 452
UGTIs without Arabidopsis match 1,389 1,431
All UGIs 2,210 1,883
Randomized sequence 1,405 0

1,418 234
0 159¢
1,418 177°
0 128¢

“Small superscript letters indicate the significant difference at P < 0.05 from the multiple comparison results



highly repeated sequence families in tomato: TGRI
(163 bp, X87233), which constitutes the subtelomeric
repeat; TGRII (1.8 kp, AY880062), which is found
throughout the genome, but more intensely in the cen-
tromeric heterochromatin; TGRIII (504 bp,
AYS880063), which consists of interspersed repeats clus-
tering at or near the centromeres (Ganal et al. 1988).
Although the EcoRI recognition site (GAATTC) was
not found in TGRI, TGRII, and TGRIII, potential
methylation sites of GpC and GpNpC exist in these
repeats. Therefore, these results suggest that TGRI,
TGRIIL, and TGRIII may be eliminated during cloning
due to lack of restriction sites or because they are highly
methylated and hence would not survive the methylation
screen employed in developing the library for sequencing
in this project.

Functional annotation of non-transposon coding UGIs

Of 1,945 UGIs with putative coding regions, functional
annotation was focused on 714 (10%) UGIs with sig-
nificant homologies to non-transposon genes in the
Arabidopsis proteome, due to the lack of information
for the UGIs that only matched to tomato/potato/pep-
per EST-derived unigenes. This percentage is similar to
studies of methyl-filtered sequences in maize for which
8% of such sequences had significant matches to known
genes (Palmer et al. 2003).

Out of 714 UGIs with significant homologies to non-
TE Arabidopsis genes, 262 UGIs did not match the to-
mato/potato/pepper EST-derived unigene sets and thus
likely represent tomato genes that were missed during
the EST sequencing process. Based on these results, it is
estimated that the tomato/potato/pepper EST-derived
unigene sets cover approximately 63% of the total genes
in the tomato genome.

Comparison of UGIs and genes identified on sequenced
tomato BACs

Ten previously sequenced tomato genomic BACs were
used for this comparison (see Material and methods for
details). In situ hybridization FISH experiments indicate
that five BACs are localized in pericentrimeric hetero-
chromatin and the other five BACs in euchromatic re-
gions (Zhukuan Cheng, unpublished data, Table 1).
Together, these BACs contain 117 predicted genes—38
of which correspond to transposons. The average length
of the 79 non-transposon genes, including coding re-
gions and introns, is 3.2 Kb. A comparison of the 1,945
non-transposon, coding UGIs with these BACs revealed
that three of the UGIs had a perfect match to one of the
79 non-transposons genes on the BACs. All three of
these genic matches occurred in BACs localized in the
euchromatin (FW2.2, 127E11, and 240K04) (Table 1).
Three more UGIs mapped to non-genic regions in het-
erochromatic BACs (18109, 181K1). The fact that three
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non-transposon, coding UGIs matched only genes in
euchromatic BACs, supports the assertion that the
majority of the tomato genes reside in the euchromatin
(van der Hoeven et al. 2002).

Estimating the size of the unmethylated portion of the
tomato genome

The size (in Mb) of unmethylated DNA in the tomato
genome was estimated with the maximum likelihood
method using the following pieces of information: (1) m,
the average distance between the two EcoRI digestion
sites in the unmethylated portion of the genome and the
number of unique fragments sampled from the tomato
genome. This was estimated by determining the insert
size of 56 randomly selected clones from the underme-
thylated EcoRI library used in this study. The average
was 1.4 kb+346 bp with a range of 205-5.7 kb. (2) b,
the percentage of EcoRI fragments in the tomato gen-
ome, which falls within the size constraints of the EcoRI
library used in this project. This was estimated to be
64% based on the quantification of end-labeled EcoRI
genomic fragments in the range of 5004 kb separated
via gel electrophoresis. (3) n, the total number of un-
dermethylated clones sequenced, which is 9,990. (4) f,
the frequency with which the unmethylated genomic
regions were sampled during sequencing. The maximum
likelihood estimate for f was 0.354. Thus, the total
length of the unmethylated tomato genome should be
estimated as mn/fb (see details in Materials and meth-
ods), 61 + 15 Mb.

The previous calculations lead to the prediction that
61+15 Mb of the tomato genome is unmethylated.
Based on the annotation of ten sequenced tomato BACs,
it is estimated that the average size of a tomato gene,
including coding regions and introns, is 3.2 kb (see
previous section). If the average length of unmethylated
5" upstream and 3’ downstream was 345 bp (see previous
section), each gene resides in an island of approximate
3.5 kb unmethylated sequence. Assuming all coding re-
gions and introns are fully unmethylated, the unmethy-
lated DNA genome could accommodate 17,500 + 4,300
(95% confidence interval) genes. This number is sub-
stantially less than the 35,000 genes estimated based on
analysis of the tomato EST database (van der Hoeven
et al. 2002). The difference in these two estimates may be
the result of several factors: (1) some tomato genes and
promoters may be entirely or partially methylated. As
mentioned earlier, there is good evidence for this from
Arabidopsis (Ashapkin et al. 2002; Jacobsen and
Meyerowitz 1997; Lippman et al. 2004), and CG meth-
ylation clusters were also found in the genic regions
(Tran et al. 2005); (2) some portion of the tomato genes
reside in heterochromatin. Based on the BAC analysis
described earlier, while the heterochromatin is very poor
in genes, there are clearly some genes that reside in the
heterochromatin and insulated from the heterochroma-
tin-related gene silencing with low level of methylation



82

for example, Pto gene and At4g04020 (Lippman et al.
2004; Martin et al. 1993). It was estimated that about
17% of the maize genome (2,600 Mb) and 34% of the
sorghum genome (735 Mb) are unmethylated based on
the MF sequencing of randomly sheared library (Bedell
et al. 2005; Palmer et al. 2003). In addition, the nuclear
genomes of Sorghum and maize have an interspersed
pattern of coding euchromatin and non-coding hetero-
chromatic regions, which is different from the tomato
genome containing centromeric  heterochromatin
flanked by long stretch of euchromatin (de Jong 1998;
Rabinowicz et al. 1999; White and Doebley 1998). Thus,
the unmethylated portion of the plant nuclear genome
might vary considerably due to the size and structure of
the genome.

It is estimated that the euchromatic arms of the to-
mato genome account for approximately 220 Mb of the
total 950 Mb in the tomato genome (Arumuganathan
et al. 1991; de Jong 1998). Hence, if only 61 Mb of the
genome is unmethylated, methylation must also occur in
euchromatic portions of the genome—most likely in the
spacer regions between genes. This conjecture is consis-
tent with Messeguer et al. (1991) who reported that to-
mato nuclear DNA contains islands of unmethylated
CpG and CpNpG sites. These combined results support
the notion that some intergenic sequences, even in
euchromatin, are methylated. If this is correct, then
shot-gun sequencing of methyl-filtered clones would not
allow assembly of the euchromatic arms. Thus, provid-
ing an ordered sequence of the euchromatin would de-
pend on use of other strategies, such as map-based BAC
by BAC sequencing as was applied to Arabidopsis (The
Arabidopsis genome initiative 2000).

Amount of shot-gun sequences required to cover un-
methylated portion of tomato genome

The number of sequence reads required to recover the
unmethylated regions, estimated to be from 61 £ 15 Mb,
were calculated based on the Lander-Waterman model
and the assumption of an average of 600 bp per se-
quence read and a minimum of 20 bp overlap for se-
quence assembling (Lander-Waterman 1988).
Considering the estimation of 61 Mb unmethylated se-
quences, 310,000 sequence reads would be required to
cover 95% of the unmethylated tomato gene space.
Most closely related solanaceous species (e.g., potato,
eggplant, pepper) have the same basic chromosome
number as tomato (x=12) and similar chromosome
structure (pericentrimeric heterochromatin and euchro-
matic arms) (Gottschalk 1954; Valarik et al. 2004).
Moreover, current evidence suggests that most solana-
ceous species have similar gene content as tomato
(Doganlar et al. 2002; Paran et al. 2004). Assuming
methylation patterns are also similar in these species, the
same calculation for sequencing the unmethylated por-
tion of the genome is also likely to be valid. Currently,
the tomato genome is being sequenced on a BAC-by-

BAC basis, which will yield, not only gene content, but
also gene order (http://www.sgn.cornell.edu/help/about/
tomato_sequencing.html). Based on the high degree of
gene conservation and synteny among solanaceous spe-
cies, it should be possible to apply MF sequencing to the
genomes of other solanaceous species (e.g., potato,
pepper, eggplant, petunia, tobacco), and then use the
order of tomato sequence and existing synteny maps to
determine the order of the derived UGI genes. Such
approach has been used in rat and Drosophila, and
would be rapid, cost-effective and capitalize on the more
expensive, but necessary BAC-by-BAC sequencing of
the tomato genome (Celniker and Rubin 2003; Chen
et al. 2001; Pop et al. 2004).
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