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Abstract

Thirty fosmids were randomly selected from a library of Fragaria
vesca subsp. americana [cv. Pawtuckaway) DNA. These fosmid
clones were individually sheared, and ~4- to 5-kb fragments
were subcloned. Subclones on a single 384-well plate were
sequenced bidirectionally for each fosmid. Assembly of these
data yielded 12 fosmid inserts completely sequenced, 14 inserts
as 2 fo 3 contiguous sequences [contigs|, and 4 inserts with 5 to
9 contigs. In most cases, a single unambiguous contig order and
orientation was determined, so no further finishing was required
to identify genes and their relative arrangement. One hundred
fifty-eight genes were identified in the ~1.0 Mb of nuclear
genomic DNA that was assembled. Because these fosmids were
randomly chosen, this allowed prediction of the genetic confent
of the entire ~200 Mb F. vesca genome as about 30,500
protein-encoding genes, plus >4700 fruncated gene fragments.
The genes are mostly arranged in gene-rich regions, fo a variable
degree intermixed with Tronsposob|e elements (TEs). The most
abundant TEs in F. vesca were found fo be long ferminal repeat
[LTR) refrotransposons, and these comprised about 13% of the
DNA analyzed. Over 30 new repeat families were discovered,
mostly TEs, and the total TE confent of F. vesca is predicted

fo be af least 16%.
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T HE GENUS Fragaria is an agriculturally important
clade within the family Rosaceae that contains 23
identified species, including the domesticated strawberry
(Fragaria x ananassa), an octoploid derived from acci-
dental hybridization in the early 18th century between

F. chiloensis and F. virginiana (Staudt 1989). The fam-

ily Rosaceae includes many domesticated fruit and nut
crops, such as peach (Prunus persica), apple (Malus
domestica), and almond (Amygdalus communis). Nuclear
genome sizes in the Rosaceae family tend to be relatively
small, and the ~270-Mb peach genome will soon be
sequenced and assembled (Sosinski et al. 2008). Given
their economic importance and tractable genomes, mul-
tiple genome sequencing projects and comparative analy-
ses would be highly justified in this family. One diploid
Fragaria species, F. vesca (2n = 2x = 14), contains one of
the smallest genomes in any of the flowering plants, about
200 Mb (Akiyama et al. 2001, Folta and Davis 2006), and
it is a putative ancestor to the domesticated strawberry.
Microsatellite and gene-specific marker genetic maps,
expressed sequence tag (EST) data and routine Agrobac-
terium-mediated transformation protocols have been
developed in F. vesca (reviewed in Folta and Davis 2006).
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Hence, F. vesca can serve as a model genome for the
study of strawberry. Moreover, sequence analysis of the
F. vesca genome will provide an excellent opportunity to
generate insights into plant genome evolution, especially
by comparison to other sequenced plant genomes.

Even with current “next generation” technologies
(reviewed in Mardis 2008), de novo genome sequence
analysis in plants is an expensive, slow, and laborious
process. Whole genome shotgun sequencing (WGS)
decreases the cost and increases the rate of data genera-
tion compared to an ordered clone-by-clone analysis, but
it makes assembly and annotation much more challeng-
ing. In recent years, virtually all plant genome sequenc-
ing programs have opted for the WGS strategy (National
Center for Biotechnology Information, 2009) and have
accepted the limitation that thousands of gaps (including
much of the repetitive DNA) remain in the assembled
data. Several gene-enrichment techniques have been
developed to increase the efficiency of complete gene
discovery and assembly (Rabinowicz et al., 1999; White-
law et al., 2003; Yuan et al., 2003; Emberton et al., 2005),
and numerous simple approaches allow unambiguous
alignment of the gene sequence islands relative to each
other and to the genetic and physical maps (Bennetzen
et al., 2001; Yuan et al., 2002; Emrich et al., 2004). Still, it
would be more satisfying to generate complete assemblies
despite their great expense and labor and time require-
ments, especially because rare cases have been found
where gene regulatory components are embedded in the
repetitive regions as much as 70 to 100 kb away from the
genes (Stam et al., 2002; Clark et al., 2006).

Fortunately, a comprehensive description of the
general rules of genome content and organization does
not require complete sequence analysis. The GeneTrek
technology uses random selection and low-pass sequenc-
ing of a small number of clones to describe the overall
composition and arrangement of genes, transposable
elements (TEs), and other abundant sequences in any
genome (Bennetzen 2003, Devos et al. 2005). A GeneTrek
analysis of the maize (Zea mays L.) genome involving
74 bacterial artificial chromosome (BAC) clones (~0.5%
of the nuclear genome) indicated a gene content of
about 37,000, with more than 5500 severely truncated
pseudogenes (Liu et al. 2007). Using GeneTrek on a great
number of genomes, sampled from a phylogenetic per-
spective, would allow identification of lineages where
dramatic changes have occurred in the rates of gene or
genome evolution, such as in genome instability, gene
loss, or gene duplication, and thereby pinpoint species
deserving additional genomic investigation.

We describe here the application of the GeneTrek
approach to F. vesca. Thirty fosmid clones were analyzed
and found to contain 158 predicted genes and 84 identi-
fied TEs. The results of this analysis indicate that F. vesca
contains about 30,500 genes and that they are mostly
arranged in gene-rich regions (~1 gene per 5.7 kb) that
would be highly amenable to a WGS analysis.

Materials and Methods

Random Fosmid Selection and
Fosmid Subclone Library Construction

Following screening by probe hybridization to identify
and exclude clones derived from the mitochondrial and
chloroplast genomes, 30 fosmids were randomly selected
from a library of 33,000 clones containing inserts of
mechanically sheared DNA derived from F. vesca subsp.
americana cv. Pawtuckaway (Shields et al., 2005). Fos-
mid DNA was isolated using the standard alkaline lysis
protocol (Sambrook et al., 1989), and DNA was sheared
to ~4- to 5-kb fragments using a Hydro-Shear DNA
Shearer (Genomic Solutions, Applied Biosystems, Foster
City, CA). Dephosphorylated blunt ends were generated
with mung bean (Vigna radiata) nuclease (30 min at
30°C) followed by incubation with shrimp alkaline phos-
phatase (60 min at 37°C, plus 15 min enzyme inactiva-
tion at 65°C). Adenosine overhangs were added to the 3’
ends with Tag DNA polymerase (30 min at 72°C). DNA
samples were run in 20-cm-long, 0.8% agarose gels with
0.5X TBE buffer, at 80 V for ~2.5 h. After extraction from
the gel with the Qiaex II kit (Qiagen, Valencia, CA), the
DNA was ligated into the pCR-4-TOPO vector (Invitro-
gen, Carlsbad, CA) and subsequently transformed into
Escherichia coli DH10B cells (ElectroMAX, Invitrogen).
Transformants were selected in Luria-Bertani medium +
50 ug mL™ kanamycin. Plasmid DNA for sequencing was
isolated from E. coli using standard techniques (Sam-
brook et al., 1989).

Fosmid Sequence Analysis and Assembly
Fosmid clones were sequenced to an average of 14x
redundancy (one 384-well plate per fosmid, bidirection-
ally), using an ABI 3700 capillary sequencer with T3
and T7 primers (5'-ATTAACCCTCACTAAAGGGA-3’
and 5"TAATACGACTCACTATAGGG-3/, respectively)
and ABI PRISM Big Dye Terminator chemistry (Applied
BioSystems). Base calling and quality assessment were
performed with PHRED (Ewing et al., 1998), and reads
were assembled with PHRAP. Assemblies were visually
inspected, and contigs were ordered, using CONSED
(Gordon et al., 1998).

Fosmid Sequence Annotation

Ab initio gene prediction was performed on each fos-
mid sequence using FGENESH (Softberry, Inc., Mount
Kisco, NY) with the Arabidopsis training set. All the
obtained predicted genes, as well as the genomic DNA
sequence, were used as queries in BlastX searches against
the National Center for Biotechnology Information
nonredundant protein database for Viridiplantae and
the Arabidopsis protein database (http://arabidopsis.
org/servlets/Search?action=new_search&type=protein).
In parallel, each of the fosmid sequences was que-

ried in BlastN and tBlastX searches against itself, the
entire F. vesca sequence dataset used in this study plus
an additional set of 20 gene-targeted F. vesca fosmids
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(Davis, unpublished data; Genbank accession numbers
EU024823-EU024872), an in-house plant repeat database
and the TIGR Plant Repeat Database (http://www.jcvi.
org/). Ab initio repeat identification was performed using
LTR_STRUC (McCarthy and McDonald, 2003) and a
Helitron-finding program (L. Yang and J. Bennetzen,
unpublished). All of the outputs generated (from gene-
and repeat-finding programs, nucleotide and protein
database queries) were layered onto the fosmid genomic
sequence using the Apollo Genome Annotation Curation
Tool (version 1.9.1; Lewis et al., 2002). FGENESH-pre-
dicted genes with homology to known repeat sequences,
or to manually annotated TEs in other F. vesca fosmids,
were removed from subsequent analysis of gene con-
tent. All BlastX hits were manually inspected to assess
the likelihood of a predicted gene to be “real,” based on
homology to known or hypothetical Arabidopsis proteins
(Expect value <107%), the evolutionary range of species
with significant hits, and the length of sequence homol-
ogy compared with the total length of the target gene.
Severely truncated genes—that is, those missing more
than 30% of their full protein-encoding length compared
to the consensus length of the gene from A. thaliana and
other plant species—were classified as gene fragments
and not considered in total gene number estimations.
Transposable elements were identified either by homol-
ogy to known TEs or by structural features, following the
process described by Liu et al. (2007).

Modeling Gene Content from the Sampled Data
Total gene number in the F. vesca genome was first esti-
mated by simple extrapolation of the value observed in
the sample of sequences used in this study (30 fosmids,
comprising 1.035 Mb, or 0.54%, of the ~200 Mb F. vesca
genome). To account for the sampling error derived
from the usage of a finite and relatively low number of
randomly selected sequences, 1000 iterations of gene
number prediction were performed using sampling with
replacement for a total of 30 fosmid inserts. Both the full
range of gene number predictions and the range within a
95% confidence level were computed.

Results

Thirty fosmids were randomly selected and the inserts
shotgun sequenced, using a single 384-well plate of sub-
clones. This approach generated ~480 kb of data, or about
14x redundancy for the inserts (which averaged ~34.5

kb) after vector and low-quality reads were removed.

Even without any further finishing reactions to fill gaps

or replace sequences with low-quality PHRED scores, 12
fosmids were found to be fully finished at Bermuda quality
standards (Human Genome Project Information, 1997).
Most fosmids, however, had some sequence gaps, as shown
in Table 1. Despite these gaps, all of the fosmids could be
fully annotated for gene and TE content, thereby saving
the more than twofold additional cost and time that would
have been required to fully finish these sequences.

All fosmid inserts were first analyzed for gene con-
tent. Gene candidates were discovered initially using
FGENESH, and those with homology to annotated TEs
were removed from further analysis. The remaining
gene candidates were only considered “confirmed” if
they exhibited <1071 (e-value) homology at the predicted
peptide level to a hypothetical or known gene in Arabi-
dopsis thaliana (Arabidopsis Genome Initiative, 2000).
Otherwise, they were classified as “hypothetical genes.”
This highly conservative approach will miss any genes
that may be specific to the Fragaria lineage (if such genes
exist) or any genes that may have been missed in the
>19 Mb of the A. thaliana genome that was not initially
sequenced (Liu and Bennetzen, 2008). This conserva-
tive gene confirmation strategy was used because the
gene-finding programs alone can more than double gene
number predictions in plants because of the high content
of novel open reading frames found in low-copy-number
TEs (Bennetzen et al., 2004). Most of these TEs are rep-
resented in EST libraries, so an expression criterion is of
little use for gene confirmation, but the high rate of TE
evolution relative to genes makes cross-species conserva-
tion a very good tool for gene confirmation (Frazer et al.,
2003, Bennetzen et al., 2004).

Out of the 1.035 Mb of assembled insert data, 182
protein-encoding genes (137 confirmed plus 45 hypo-
thetical) were predicted. Eight of the confirmed genes
were interrupted by the boundaries of the fosmids, a dis-
advantage of using inserts of this size compared to using
the 100-kb-plus inserts routinely found in BAC clones.
Even a single nucleotide change, leading, for instance,
to an altered promoter or a missense mutation within
an exon, can turn a gene into a pseudogene, meaning
that we cannot predict what percentages of these genes
are functional. However, 24 of the predicted genes that
are fully internal to the fosmids appear to be severely
truncated (missing >30% of their full protein-encoding
length compared to the consensus length of the gene
from A. thaliana and other plant species). Because genes
could only be assayed for biological truncation if they
were not truncated by the boundary of the clone and if
they had a homolog elsewhere that could be character-
ized for its entire length, the 24 biologically truncated
genes must be compared to 137 confirmed genes minus
8 genes (i.e., 129 confirmed genes) that were truncated
on the sequenced clones. Thus, the frequency of severely
truncated genes was measured as 24/( 24 + 129) or 16%.

Given that the F. vesca genome is predicted to be
~200 Mb in size, a simple extrapolation from these
data suggests 21,840 (confirmed) or 30,530 (confirmed
plus hypothetical) genes, plus 4780 pseudogenes, in the
entire nuclear genome. However, any finite number of
sequenced clones will create some sampling error. Hence,
1000 repetitions of gene number prediction were per-
formed using sampling with replacement for a total of
up to 30 fosmid inserts. This generated an average gene
number prediction of 30,500 as expected, with a range of
~21,900 to ~39,300. A total of 95% of the predictions were
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Table 1. Insert size, contig arrangement, and gene content of the Fragaria vesca fosmid sequences investigated

Fosmid  Genbank Insert Total no. Contig arrangement Number of genes No. of gene
done  AccessionNo.  size of contigs Ordered Unordered Confirmed Hypothetical ~ Confirmed + hypotethical ~ fragments
bp
01102 EU024824 40,302 1 1 5 4 9 2
05N03 EU024825 34710 8 7 " 4 0 4 0
11002 EU024828 37961 1 1 5 0 5 0
12K04 EU024829 33,108 6 o 0 0 0 0
13103 EU024830 37,707 1 1 7 0 7 1
15813 EU024833 23,612 5 5 0 0 0 0
17619 EU024834 17,219 1 1 2 0 2 1
17022 EU024835 34190 2 2 6 0 6 2
18A19 EU024836 40,908 1 1 3 3 6 0
22H18 EU024839 37,851 1 1 4 1 5 0
22105 EU024840 35212 2 2 3 3 6 0
27F10 EU024841 37,210 2 2 3 2 5 1
29610 EU024842 31,881 3 3 3 1 4 3
30124 EU024843 37599 3 3 9 2 1 0
32M0 EU024844 33,677 2 2 4 5 9 1
34020 EU024846 30,034 2 2 4 2 6 1
38H02 EU024848 31,669 1 1 3 1 4 0
38H05 EU024849 32,050 2 2 1 2 3 0
40822 EU024850 36,230 1 1 8 1 9 0
40MT EU024851 31,718 1 1 5 0 5 2
4307 EU024853 43,741 2 2 2 2 4 1
44)07 EU024854 29,836 3 3 2 2 4 4
47H15 EU024855 35,017 3 3 1 2 3 0
49B16 EU024857 40,969 9 6 3t 0 0 0 0
49017 EU024858 37266 3 3 4 2 6 1
52E09 EU024862 37346 1 1 5 4 9 0
63F17 EU024866 27,689 2 2 3 2 5 2
72E18 EU024867 36,293 1 1 8 1 9 1
75H22 EU024869 31,662 1 1 7 1 8 1
84N10 EU024872 40,283 2 2 2 2 4 0
TUnordered contigs composed of ribosomal RNA genes.
#Unordered contigs composed of long terminal repeat retrotransposon fragments.
in the range of ~24,600 to ~35,300 (Fig. 1), making this study, an additional set of 20 gene-targeted F. vesca
the predicted gene number for F. vesca under the gene fosmids, an in-house plant repeat database, and the
annotation criteria used. TIGR Plant Repeat Database. Sequences with hits of
Transposable elements make up large parts of all Expect value < 1071 were further inspected for TE struc-
plant genomes, even as much as 40% of the tiny (~100 tural features, and translated sequences were queried
Mb) Selaginella moellendorffii genome (Zhu, DeBarry, against protein databases to detect TE conserved cod-
Yang and Bennetzen, unpublished data), but it is more ing domains (see above, “Materials and Methods”). This
routinely ~20% in small genomes like A. thaliana (~140 process uncovered a total of 84 intact or fragmented TEs,
Mb) (Liu and Bennetzen, 2008) to >70% in medium-size which were classified into 33 different TE families. The
angiosperm genomes like that of maize (~2400 Mb) (Liu most abundant recognizable TEs were long terminal
et al. 2007). Because TEs exist in great variety and change repeat (LTR) retrotransposons (13 copia-like, 14 gypsy-
sequence more rapidly than genes, it is not possible to like, and 3 unclassified elements), followed by MITEs
describe all of the TEs in a new species merely by homol- (13 elements), CACTA-like transposons (4 elements),
ogy to TEs known from some other species. Hence, the non-LTR retrotransposons (4 elements) and 1 Mu-like
most comprehensive discovery processes for TEs involve element. Three clones—18A19, 49B16, and 84N10—
both homology-based and structure-based search criteria. exhibited blocks of nested LTR retrotransposons, which
Each of the fosmid sequences was queried against ranged from 12 to 35 kb in length. In terms of percentage

itself, the entire F. vesca sequence dataset used in this genome composition, the LTR retrotransposons made

96 THE PLANT GENOME ® MARCH 2009 m vOL. 2, NO. 1



up 13% of the annotated DNA. Unclassified repeats were
as abundant as LTR retrotransposons (32 elements) but
constituted only 4.1% of the DNA. In total, this study
indicates that >16% of the F. vesca genome is composed
of identified TEs. The TE and other repeat descriptions
are summarized in Table 2.

Three classes of TEs, namely, LTR retrotranspo-
sons (Jin and Bennetzen, 1994), Pack-MULEs (Jiang et
al., 2004), and Helitrons (Morgante et al., 2005), have
been observed to acquire fragments of normal nuclear
genes. In the annotated F. vesca DNA, no Helitrons or
Pack-MULEs were detected, and none of the LTR ret-
rotransposons discovered showed regions of homology
to known nuclear genes. Given this result, it is not sur-
prising that most of the gene fragments detected in this
study were found in the vicinity of their corresponding
full-length genes. Adjacent repeated genes are expected
products of unequal homologous recombination, and the
fragmentation (i.e., functional inactivation) of at least
one copy would be expected as the most frequent final
outcome of this duplication process (Lynch and Connery,
2000; Devos et al., 2002).

Most of the fosmids sequenced were very rich in
genes, with few or no identified TEs. On these gene-rich
fosmids, predicted gene density averaged 1 gene per
5.7 kb. One such clone is depicted in Fig. 2. Five fosmids
contained no or few genes: three of these fosmids were
partially (clone 05N03) or totally (clones 12K04 and 15B13)
composed of ribosomal RNA genes, another fosmid (clone
49B16) consisted of a cluster of nested transposons, and
the remaining fosmid (clone 11D02) had a mitochondrial
DNA insertion that made up about half of its sequence
length (Table 1). This last clone is likely an outcome of
a mitochondrial DNA insertion in the nuclear genome
because it has stop codons and various indels in ORFs
required for mitochondrial function (data not shown).
Organellar DNA insertions into nuclear DNA are com-
mon in plant genomes (Noutsos et al., 2005).

Discussion

Despite recent efforts to investigate the sequences of
several plant genomes, relatively little is understood con-
cerning their immense range of sizes and compositions.
Although most or perhaps all of the major mechanisms

of genome rearrangement (polyploidy, TE amplification,
ectopic recombination, chromosome breakage, and ille-
gitimate recombination) are now known, it is not known
why there are different levels of activity for each of these
phenomena in even closely related species (Vitte and Ben-
netzen, 2006). To begin to understand these processes,
many more plant genomes need to be screened for unusual
genomic behavior (such as exceptionally high or low levels
of TE activity) to identify those species where the rules
governing genomic rearrangement activity may be best
investigated. The GeneTrek procedure (Bennetzen, 2003),
used here on the F. vesca genome, allows an efficient search
for such species. A GeneTrek analysis also allows predic-
tion of the results, resources required, and best approach

| | | ] |
0 5000 15000 25000 35000 45000 55000

Total gene number

Figure 1. Fragaria vesca gene number modeled by sampling with
replacement: mean distribution for 1000 iterations of a sample
size of 30 fosmid sequences. Mean = 30,530 genes; range =
~21,900 to ~39,300 genes (?5% confidence level).

to full genome sequence analysis of target model species
like F. vesca (Devos et al., 2005; Liu et al., 2007).

To determine how many genes need to be sequenced
in a full genome analysis, and to determine whether gene
or TE evolution is unusual in a genome, it is essential
to derive reasonably accurate estimations of total gene
number and TE composition in a target genome. How-
ever, predicting gene and TE content is a process fraught
with potential errors. Even fully sequenced genomes
can yield gene number assessments that are off by more
than twofold if the erroneous contributions of low-copy-
number TEs are not taken into account (Bennetzen et al.,
2004). Some publications have gone so far as to conclude
that an apparent coding sequence cannot be a TE if it
does not have a high copy number or does have an iden-
tified EST. However, all or virtually all TEs are expressed
at some level in some tissue or treatment, and low-copy-
number TEs are abundant in any genome where they are
sought by structural criteria (SanMiguel and Bennetzen,
1998; McCarthy and McDonald, 2003; Ma and Ben-
netzen, 2004). Finally, the acquisition of gene fragments
by TEs can easily give rise to false gene identification (Fu
and Dooner, 2002; Morgante et al., 2005). These issues
are now generally recognized, so that future genome
annotations should give much more accurate assessments
of both gene and TE composition.

Given the exceptionally dynamic nature of angio-
sperm genomes (Wendel et al., 2002; Wessler, 2006;
Bennetzen, 2007), surveys of hundreds of species within
a given family would be a useful way to discover those
individual taxa with hyper-exceptional rates of genome
change. Such hyper-evolving species would serve as
appropriate organisms for efficient investigation of the
mechanisms by which genome structure and function
might shift into a rapid evolution mode, and how this
change becomes manifest. Even with current technolo-
gies, however, de novo full genome sequencing of thou-
sands of species would cost billions of dollars. Sample
sequence analyses, such as the GeneTrek approach (Ben-
netzen, 2003; Devos et al., 2005) or related strategies
(Hawkins et al., 2006; Piegu et al., 2006), can character-
ize a genome’s most abundant components (i.e., genes,
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satellites, and TEs) in a general way for less than 1% of
the cost of a full genome analysis. These approaches
require some creativity in data analyses (Devos et al.,

Table 2. Transposable element (TE) composition of the
Fragaria vesca fosmid sequences investigated.

TE type Family Number of elements Sequence
Infact  Fragmented covered
bp %

LTR retrotransposons' 17 13 135585 131

(opic-like 9 4 55,752 54
13103 1 - 4146
27F10_1 2 - 12,416
38H02_1 1 - 3,635
47H15 1 - 7167
52E09_1 3 4 21,638
84N10_1 1 - 6750

Gypsy-like 5 9 68,271 6.6
17619_1 1 - 3,364
18A19_1 1 2 28,266
18A19_2 1 6 22,157
22H18 1 1 9437
38H05_1 1 - 5,047

undlassified 3 - 11,562 11
22105_1 1 - 3,361
29610_1 1 - 5,733
43P07_1 1 - 2,468

Non-LTR retrotransposons 3 1 11,663 11
44)07_1 - 1 482
47H15_1 1 - 5,669
52E09_1 1 - 1,946
72E18_1 1 - 3,566

CACTA-like transposons 2 2 13,403 13
29610 1 2 11,668
34020 1 - 1,735

MITEs 10 3 3127 03
01102 4 3 1,622
11002 2 - 258
17022 1 - 83
72E18 3 - 1,164

Murlike transposons 1 - 4,038 04
40822 1 - 4,038

Unclussified repeats 12 20 43466 42
22H18_1 2 - 197
22H18_2 2 - 1,954
38H05_1 1 3 655
44)07_1 1 4 1,519
47H15_1 2 - 659
84N10_1 2 ) 22,841
43P07_2 ] 5 14,975
63F17_1 1 2 666

Totals 45 39 M8 204

1LTR, long terminal repeat.

2005; Hawkins et al., 2006; Liu et al., 2007; DeBarry et
al., 2008) but need only small amounts of sequence infor-
mation so long as it is generated from randomly selected
clones. Smaller insert clones have the advantage that they
sample more genomic locations per megabase analyzed,
but the disadvantage of a higher ratio of edge effects. A
particularly problematic edge effect is that features may
not be identified because of the limited extension of data
at the edge. For instance, single reads from a small plas-
mid insert were found to only allow de novo gene identi-
fication in A. thaliana shotgun sequence data about 66%
of the time that a read was inside a known gene (Liu and
Bennetzen, 2008).

The analysis of 30 fosmid clones led to the prediction
of ~24,600 to ~35,300 genes in the F. vesca genome. This
range is an outcome of the number of fosmids analyzed
and would both narrow and become more accurate if
additional fosmids were studied. Our modeling studies
indicate that even a doubling of the number of fosmids
would only narrow the range of predictions by 17% (data
not shown). Hence, it seems that the current level of preci-
sion is an appropriate tradeoff between cost and accuracy.

The gene number prediction for F. vesca is in line
with the predictions of ~27,000 for A. thaliana (Wort-
man et al., 2003), ~32,000 for rice (Oryza sativa L.; Rice
Annotation Project, 2007), ~45,000 for black cottonwood
(Populus trichocarpa L.; Tuskan et al., 2006), ~30,400
for grapevine (Vitis vinifera L.; Jaillon et al., 2007) and
~23,000 for papaya (Carica papaya L.; Ming et al., 2008).
In these other species, however, a comprehensive effort
has not been made to predict the number of pseudogenes.
In maize, severely truncated pseudogenes comprise about
15% of the sequences that would be routinely authen-
ticated as genes by all other criteria except a discrete
search for truncation (Liu et al., 2007). The similar per-
centage of these pseudogenes predicted in F. vesca (16%)
is intriguing, as the lower number of TEs in this small
genome should generate fewer opportunities for TE-
derived gene fragmentation, as with the gene fragments
within Helitrons and Pack-MULEs. Still, the 16% num-
ber should be viewed as a low estimate because many of
the other sequences annotated as genes are likely to be
inactivated by smaller indels, by promoter mutations, or
by single nucleotide changes in coding regions. On the
other hand, our conservative requirement that true F.
vesca genes have a homolog in Arabidopsis will under-
report those few genes that either were created uniquely
in the F. vesca lineage or were lost from the A. thaliana
lineage. Taking all of these results in combination, across
all of these species, strongly suggests that a gene number
of 25,000 genes per haploid genome is fully sufficient for
the functioning of most or all flowering plant genomes.

The TE composition of F. vesca is predicted to be
at least 16% of the genome, which is in line with the
estimated TE content of the Arabidopsis genome (Liu
and Bennetzen, 2008). The sampling procedure used
in this study should have yielded an unbiased picture
of the TE landscape in the F. vesca genome. Hence, the
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Figure 2. Gene and transposon arrangement on an average fragaria vesca insert in the fosmids analyzed. The fosmid clone shown is
38H02. Boxes with arrows above indicate predicted genes; the gray-filled boxes are confirmed genes (predicted to encode: 1 = a cyto-
chrome P450 enzyme, 2 = a kinase, and 3 = an exportin). Cross-hatched fill indicates an unclassified repeat, the box with opposing
arrows indicates a CACTA-like transposon, and the box with the directly repeated arrows indicates a copia-like long terminal repeat

retrotransposon.

data generated here can serve as a basis for ascertaining
whether this small genome is subject to the same mecha-
nisms responsible for genome contraction and expansion
in other species, like Arabidopsis (Devos et al., 2002) and
rice (Ma et al., 2004; Vitte and Panaud, 2003).

Because extant F. vesca is a likely descendant of one
of the diploid ancestors of the octoploid commercial
strawberry, Fragaria xananassa, it is probable that the
sequence of the F. vesca genome will be quite informative
vis-a-vis the Fragaria xananassa genome. In general, one
expects genomes from the most closely related species
to be most alike, but the rapid genomic change that can
be initiated after polyploidy (reviewed in Chen, 2007)
suggests that F. vesca studies may provide an imprecise
guide to the Fragaria xananassa genome. The most
important of these changes appears to be “fractionation,”
whereby some of the homeologous genomes lose copies
of many of the genes duplicated by the polyploidy event
(Ilic et al., 2003; Lai et al., 2004; Freeling, 2008). In such
cases, however, at least one copy of every original gene is
retained (on one homeolog or another), such that a dip-
loid ancestor is actually a better indicator of overall gene
content in the polyploid than would be the sequence of
any single homeologous region in the polyploid itself. A
recent study of genetic linkage associations between dip-
loid and octoploid strawberry indicates that the octoploid
maintains seven linkage groups that are homeologous to
those in F. vesca. There is strong agreement between the
arrangement of genes in the diploid and the polyploid,
suggesting that major arrangements have not occurred
in these members of the genus (Rousseau-Gueutin et al.,
2008). This serves as another argument for the value of F.
vesca as a model genome, one that would be of tremen-
dous value even if the commercial strawberry genome
were fully sequenced.

The data generated in this study may also be useful
for analyzing the local colinearity of genes across the
F. vesca genome, compared to other sequenced plant
genomes. This analysis will be particularly powerful if

extended across multiple species of known phylogenetic
relatedness, such as the relationships described between
Fragaria and Prunus species (Vilanova et al., 2008). Such
studies allow examination of the natures and rates of
adjacent gene rearrangement, a process that has been
extensively investigated in the grasses (Chen et al., 1998;
Tikhonov et al., 1999; Song et al., 2002; Ilic et al., 2003;
Wicker et al., 2003; Bowers et al., 2005) but much less so
in other flowering plants (Rossberg et al., 2001; Tang et
al., 2008). Moreover, a comparative study of this nature
has the potential to identify the precise sequences of
events, the rates, and the lineage specificities (Ilic et

al., 2003) that have shuffled the gene content of plant
genomes. Once such properties have been investigated
across a wide range of species, it may become possible

to generate a unified theory of the evolution of plant
genome structure and function, thus allowing prediction
of how genomes might be changed to alter important
biological processes.
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