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Abstract

Background: Genome evolution in the gymnosperm lineage of seed plants has given rise to many of the most complex and
largest plant genomes, however the elements involved are poorly understood.

Methodology/Principal Findings: Gymny is a previously undescribed retrotransposon family in Pinus that is related to Athila
elements in Arabidopsis. Gymny elements are dispersed throughout the modern Pinus genome and occupy a physical space
at least the size of the Arabidopsis thaliana genome. In contrast to previously described retroelements in Pinus, the Gymny
family was amplified or introduced after the divergence of pine and spruce (Picea). If retrotransposon expansions are
responsible for genome size differences within the Pinaceae, as they are in angiosperms, then they have yet to be identified.
In contrast, molecular divergence of Gymny retrotransposons together with other families of retrotransposons can account
for the large genome complexity of pines along with protein-coding genic DNA, as revealed by massively parallel DNA
sequence analysis of Cot fractionated genomic DNA.

Conclusions/Significance: Most of the enormous genome complexity of pines can be explained by divergence of
retrotransposons, however the elements responsible for genome size variation are yet to be identified. Genomic resources
for Pinus including those reported here should assist in further defining whether and how the roles of retrotransposons
differ in the evolution of angiosperm and gymnosperm genomes.
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Introduction

Gymnosperms (conifers, cycads, gnetophytes and ginkgo) have

among the most complex and largest genomes of any living

organisms. Pine trees, conifers belonging to the genus Pinus, are

excellent subjects for dissecting processes involved in genome

evolution for several reasons. Evolutionary forces have acted on

pine genomes since they diverged from the most closely related

genus Picea (spruces) 87 to 193 MYA [1]. The genus has a rich

history of phylogenetic analysis so the relationships among the

approximately 120 extant species in the genus are well understood

[2,3]. Genetic conservation has been implemented for many

different pine species, organized by cooperative programs

headquartered at public institutions [4,5], which enables research-

er access to germplasm. Pines have genome sizes ranging between

18,000 and 40,000 Mbp (1C content) and precise measures of

genome size have enabled direct comparisons of 1C nuclear DNA

content among many species [1,6,7]. In contrast to large

angiosperm genomes (most prominently maize) where gene

duplications, diverse chromosome numbers and genome size

variation among related species indicate historical polyploidization

complemented by periods of retrotransposon expansion [8,9], all

extant members of the genus Pinus are diploid with 2n = 24

chromosomes. Induced polyploids in Pinus show poor survival and

growth and interspecific hybridization does not increase the

genome size of Pinus hybrid offspring to levels above either parent

[10]. Therefore, periods of retrotransposon expansion and not

polyploidy may be of primary importance in explaining genome

size variation within Pinus. Pines are well-represented in paleoflora

[2,11], which calibrates dates of divergence among monophyletic

groups [12], and this information could be used to identify

intervals during which retrotransposons have been introduced or

amplified.

Retrotransposons, mobile genetic elements propagated via a

‘‘copy and paste’’ mechanism involving an RNA intermediate,

comprise the majority of noncoding DNA and have greatly

expanded the genomes of many angiosperms [13]. Of the five

major orders of retrotransposons, the long terminal repeat (LTR)

order predominates in plant genomes [14]. LTR retrotransposon

regions and domains are well-defined [15,16] and their relative
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position and sequence distinguishes Ty1/Copia-like or Ty3/Gypsy-

like elements. Nonautonomous elements can still transpose but this

depends on enzymes encoded elsewhere in the genome [17].

Periods of retrotransposon activity have punctuated the evolution

of modern plant genomes [14,18,19]. These expansions may

accompany genomic or environmental stress, potentially estab-

lishing the heritable variation on which selection can act to form

new species [20–22]. Of the few LTR retrotransposons that have

been identified in Pinus spp., all are also present outside of the

genus [23–26]. However, the identification of a Gypsy element

apparently unique to Picea [23] implies there are taxon-specific

retroelements whose activity could be associated with speciation.

Sequence complexity describes all the novel sequence informa-

tion in a genome [reviewed in 27] and can be expressed as a

proportion of genome size or in base pairs. Genome complexity

can be estimated by Cot analysis, which is a technically

challenging method used in 86 published manuscripts prior to

1990 [27], but not in common use after the availability of

massively parallel sequencing approaches. Cot analysis can

provide valuable information for genomes that are not yet

sequenced, as it enables separation of non-redundant (low copy,

protein-coding genes) from redundant (high copy, repetitive

including retrotransposon) sequences. Genome complexity in

angiosperms varies from 13% (Allium cepa) to 77% (Solanum

lycopersicum) with a mean of 39%. Expressed in base pairs, genome

complexity values for well-studied diploid angiosperms are

82.6 Mb (Arabidopsis thaliana), 290 Mb (Sorghum bicolor), 735 Mb

(Solanum lycopersicum) and 955 Mb (Zea mays) [28,29]. In the only

report in which gymnosperm genome complexity estimates were

compared, values expressed as a proportion of genome size are

similar to that of angiosperms and range from 24% (mean for

three Pinus spp.) to 71% (for Picea glauca) [30]. Expressed in base

pairs, however, it becomes clear that conifer genome complexity is

enormous compared to typical diploid angiosperms; 2,890 Mb

(Pinus banksiana), 5,160 Mb (Pinus resinosa), 5,740 Mb (Picea glauca)

and 7,820 Mb (Pinus lambertiana) [27]. Cot-based fractionation has

been coupled with high-throughput sequencing to show enrich-

ment of genic DNA in maize [31–33], however this approach has

not yet been reported for any gymnosperm.

In this manuscript we introduce Pinus taeda genomic resources

including a BAC library and datasets from massively parallel

sequencing of Cot-based fractionated DNA. A previously

undescribed LTR retrotransposon family (Gymny) occupies a

physical space at least as large as the entire Arabidopsis thaliana

genome (157 Mbp, [34]) and appears specific to subgenus Pinus.

Although most Gymny sequences are detected in the high copy

fraction of the Pinus genome as expected, 18–19% are found in the

low copy fraction along with protein-coding genes. Retrotranspo-

son expansion followed by mutation of similarly taxon-specific

families of retrotransposons could account for both the size and

complexity of modern pine genomes. Public sequence datasets

now available should encourage more studies to characterize the

evolution of retrotransposons in the genomes of gymnosperms,

which include many of the most ecologically, evolutionarily and

economically important plant species on the planet.

Results

Gymny is related to Athila but dispersed in the genome
Retrotransposon integration and divergence can introduce

genetic polymorphisms that can be detected as randomly amplified

polymorphic DNAs (RAPDs) [35]. Here we describe the

identification of the reference Gymny element (RLG_Gymny_

EU912388-1), starting from the sequence of a RAPD marker

linked to the fusiform rust resistance locus Fr1 [36], beginning

from the 650 bp sequence of the RAPD marker B8_650. The final

sequence was annotated (File S1) and aligned with reads from

massively parallel sequencing of P. taeda genomic DNA, GSS and

ESTs (Figure 1; Table 1). The consensus sequence of the largest

contig (assembled in silico) that aligns with RLG_Gymny_

EU912388-1 is .90% identical to the query, which indicates

the reference is representative of the Gymny family in P. taeda.

RT polymerase domains are generally the most conserved

regions of retrotransposons [37]. The order of the predicted

coding sequences of RLG_Gymny_EU912388-1 and similarity of

the RT domain place it in the Gypsy superfamily (Figure S1). A

relatedness tree (Figure 2) was constructed using RT domains from

selected Gypsy elements and from Ta1-3, a Copia retrotransposon

from Arabidopsis [38]. RLG_Gymny_EU912388-1 forms a well-

supported clade with the Athila group of retroelements and is

distinct from previously characterized pine Gypsy retrotransposons

(IFG7 and PpRT1) and Ta1-3.

Athila elements are clustered in pericentromeric regions of

Arabidopsis based on FISH and genomic data mining [39,40].

Gymny showed no consistent localization with centromeric (primary

constrictions in the chromosomes), pericentromeric or telomeric

regions (Figure 3).

Gymny family size is at least as large as the Arabidopsis
genome

To quantify the contribution of Gymny to genome size, we

screened BACs with overgo probes derived from three different

regions of the reference element. Of 18,432 BAC clones screened,

3.1% exhibited hybridization to one or more of the three probes

(Table 2). If most copies of Gymny possess intact LTRs and internal

regions with sequences similar to RLG_Gymny_EU912388-1, then

most positive BACs would show hybridization to all three probes.

However, the probes hybridized to partially overlapping subsets of

BACs (Figure 4). Only 14.0% of positive clones showed co-

hybridization with all three probes, whereas almost half (49%) of

the positive BACs showed hybridization solely to the LTR (P1)

probe, suggesting the presence of non-autonomous derivatives

with intact LTRs but lacking some or all of the internal coding

regions. Apparently Gymny derivatives are much more common

than reference-like elements in the P. taeda genome.

So, how much DNA does the Gymny family contribute to the

genome? Densitometric analysis of the macroarrays as per Peterson

et al. [29] suggests the three overgos are found in 105,579, 88,203

and 42,569 copies per haploid genome, respectively. Given that

LTR retrotransposons contain two LTR domains, the observed

copy number ratios of 1.2 to 1 and 2.5 to 1 for P1 compared to P2

and P3, respectively, indicates that the LTR domains are not over-

represented compared to the internal domains. Thus, the

interrupted pattern of overgo hybridization may have arisen from

element disruption rather than recombination. Each analyzed

section of the macroarray contained 3072 BAC clones and

represents 273,408,000 bp of pine DNA or 1.26% of the Pinus

taeda genome (21.7 Gb, [41]). If we assume that the 0.62% of BAC

clones showing hybridization to all three overgos (Table 2) each

contain one copy of an element similar in structure to RLG_Gymny_

EU912388-1, then the amount of DNA in RLG_Gymny_

EU912388-1-like elements in the pine genome can be estimated

as [(0.00626273,408,000 bp)40.0126] = 134,534,095 bp or

,135 Mb. We estimate copy number of elements similar to the

reference by noting that RLG_Gymny_EU912388-1 is 6,113 bp in

length but lacks an intact 39 end. If we round the size of the element

up to 6200 bp, then the pine genome may contain about

(134,534,095 bp46200 bp) = 21,699 copies of elements similar in

Genome Size and Complexity
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structure to RLG_Gymny_EU912388-1. An independent estimate of

copy number (14,138) was obtained from the hit frequency in the

454 sequence dataset from genomic DNA (File S1). Our estimate

that Gymny reference-like elements occupy ,135 Mb of the pine

genome does not include Gymny derivatives, which are far more

abundant (Table 2).

Figure 1. Organization of the RLG_Gymny_EU912388-1 retrotransposon. Percent G+C is shown above the Gymny schematic. Numbered
ORFs are in gray with vertical lines indicating stop codons, putative 59LTR as hatched box, PR protease, RT reverse transcriptase, INT integrase. ESTs,
GSSs, and 454 reads are indicated as are the B8_650 marker, and the Southern probes Fr1075 and Fr1035.
doi:10.1371/journal.pone.0004332.g001

Table 1. Gymny in Pinus taeda sequence databases (GenBank).

Source Accession Name Liba Position (bp)b

dbEST DR101053.1 (39), DR101125.1 (59) STRR1_70_F01 PC int 4959–5893

dbEST BQ290602.1 NXRV047_D04_F NXRV XR int 5199–5761

dbEST DT628148.1 EST1156897 SE int 4811–5448

dbEST DN611113.1 EST964163 SE int 4811–5449

dbEST BQ655822.1 NXRV099_G06_F NXRV XR gag 603–1114

dbGSS ET182012.1 PT_7Ga_B01_00001_G22_r TG 4314–5188

dbGSS CZ896063.1 226_2_12341072_5489_37963_058 MU 4982–5641

dbGSS ET182110.1 PT_7Ga_B01_00002_B23_r TG 4468–5271

dbGSS CZ895334.1 upta001f001a09f1 MU 79–681

aLibraries: PC, pitch canker resistant stem; XR, xylem root wood vertical; SE, subtracted pine embryo; TG, pine total genomic DNA; MU, pine methylation unfiltered
library.

bAs defined in Figure 1.
doi:10.1371/journal.pone.0004332.t001
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Gymny elements are found in low and high copy
genomic fractions

To quantify the contribution of Gymny to genome complexity,

we performed Cot-based fractionation of genomic DNA, carried

out massively parallel DNA sequencing on the highly repetitive

(HR), moderately repetitive (MR), single/low-copy (SL) and

theoretical single-copy (TS) fractions, trimmed the datasets for

quality and length, queried the datasets with RLG_Gymny_

EU912388-1 and retrieved hits with bit scores .40 (Table 3).

The MR fraction had the greatest proportion of reads with hits

(0.67%), followed by HR (0.64%), SL (0.24%) and TS (0.18%). As

expected, the random genomic (RG) dataset produced an

intermediate value (0.40%). Results using a second analytical

approach in which the total (unfiltered) datasets were each

assembled into contigs, queried and hits retrieved based on E-

value ,1024 detected higher frequencies of hits in each fraction

(Table 3), however both approaches revealed similar proportions

of Gymny elements in the genomic fractions relative to one another

(Pearson’s correlation, r = 0.97).

We then calculated the proportion of Gymny elements that

contribute to the high copy combined fraction (‘‘low complexity’’

or HR+MR) relative to the low copy combined fraction (‘‘high

complexity’’ or SL+TS) of the genome. For example, the

proportion of sequences in the low copy combined fraction using

the first approach (query of trimmed datasets and retrieval of hits

with bit score .40) was [(245+390) / 3409] = 0.19. Both

approaches generated similar estimates of the proportion of Gymny

hits in high copy (81% and 82%, respectively) relative to low copy

combined fractions (19% and 18%, respectively). While our hit

frequencies may have overestimated the proportion of retro-

transposon sequences in the low copy combined fraction (since the

complexity of the Pinus genome is about 24%, whereas the

proportion of sequences in SL+TS is 43% of the overall dataset), it

is more likely that we have underestimated the true value. This is

because we cannot detect retrotransposon sequences that have

mutated so as to be undetected by BLAST query. These mutation

events may reflect accumulation of point mutations, or occurrence

of sites where retrotransposons insert within preexisting retro-

Figure 2. RLG_Gymny_EU912388-1 is related to Arabidopsis
Athila-like retrotransposons. Relatedness tree generated from
alignment of RT sequences in Figure S1 and the RT domain from the
Arabidopsis Ta1-3 Copia-like retrotransposon (Accession number
X13291; [38]). Bootstrap percent values based on 10,000 replications.
doi:10.1371/journal.pone.0004332.g002

Figure 3. FISH showing the physical distribution of Gymny in somatic chromosome spread of Pinus taeda. RLG_Gymny_EU912388-1
probes Fr1035 and Fr1075 were detected with Cy3 streptavidin (red) and 18S–28S rDNA was detected with FITC (green). Inset shows FISH to
interphase nucleus.
doi:10.1371/journal.pone.0004332.g003
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transposons to create interrupted sequences of retroelements [42]

– such that alignments do not exceed minimum bit score

thresholds.

The accumulation of retrotransposon family derivatives has

clearly enriched the complexity of the modern Pinus genome. In

addition to Gymny (Table 3), we detected 15% of sequences from

the pine Copia element TPE1 (GenBank accession Z50750) in the

low copy combined fraction (data not shown).

To confirm the technical robustness of the genomic DNA

fractionation procedure, we queried each dataset with 26 EST

contigs derived the WRKY family of plant-specific transcription

factors [43]. The number of different reads in each dataset with a

strong hit (bit score .50) on at least one query ranged from 5 (in

TS) to 3 (in SL) to 0 (in HR and MR, respectively; Table 3). Some

reads hit on multiple queries; the total number of hits with bit

score .40 in each dataset ranged from 18 (in TS) to 5 (in SL) to 1

(in HR and MR, respectively). The single hits in HR and MR each

aligned with an A/C-rich tract in WRKY contig 10761 with a bit

score of 42, however A/C-rich subtelomeric repeat sequences are

abundant in HR and MR (data not shown), implying similarity to

the WRKY is spurious. The distribution of WRKY sequences

among the HR, MR, SL and TS databases contrasts sharply with

that of Gymny elements, and provides strong evidence that the

genome fractionation was robust. The number of different reads in

the random genomic database can be used to estimate copy

number using the same approach as for Gymny elements. Three

unique hits on the random genomic database, assuming WRKY

coding sequences average 1500 nt in length, yield an estimate of

158 copies in the pine genome. While this estimate is imprecise

due to limited sampling, this hit frequency would be expected for a

gene family roughly double the size of the Arabidopsis WRKY

family (N = 72, Plant Transcription Factor Database [43]).

Gymny history is unlike previously described elements
We tested presence and organization of Gymny in species

representing a range of genome sizes [1,44–46] across three

monophyletic lineages within the genus Pinus, and other

gymnosperms (Table 4) using probes derived from overlapping

internal regions of RLG_Gymny_EU912388-1 (Southern probes

Fr1035 and Fr1075, Figure 1). All seven pine species from

subgenus Pinus section Trifoliae (Table 4) had equivalent hybrid-

ization patterns and signal intensities (Figure 5). Pinus pinea

(subgenus Pinus section Pinus) also contains Gymny, but the family

exhibits a distinct organization and decreased probe hybridization

compared to pines in section Trifoliae (Figure 5, lane 8). This may

reflect amplification of a structurally distinct Gymny-like element in

the Pinus pinea ancestral line. Gymny was not detected in genomic

DNA of Pinus strobus (subgenus Strobus), which implies its

amplification or introduction after differentiation of the subgenera,

but prior to differentiation of the two monophyletic lineages within

subgenus Pinus (Figure 6), a time interval between 16–85 MYA

depending on the dated fossils used for calibration and whether

nuclear or plastid markers are used to date divergence [12].

Restriction of Gymny to Pinus was verified by Southern hybridiza-

tion (negative results in conifers Picea glauca, Picea mariana, Picea

rubens, Tsuga canadensis, Abies fraseri, Ginkgo biloba, and angiosperms

Populus trichocarpa, Arabidopsis thaliana, Sorghum bicolor) and no Gymny

hits to Picea spp. ESTs (N = 468,703). In contrast, IFG7 and TPE1

queries each generated multiple hits in both Pinus and Picea EST

collections.

Discussion

How and why did pine genomes become so complex?
The sequence complexities of three modern pine genomes

constitute about 3,000 to 8,000 Mb, much larger than typical for

diploid angiosperms [27]. Two competing but not mutually

exclusive hypotheses can be proposed to explain these differences

in genome complexity. Genic DNA may have increased in pines

relative to angiosperms – gene families are larger [47] and unique

cDNA-derived SAGE tags are more abundant [47,48]. Alterna-

tively, retrotransposon derivatives may have accumulated in the

low copy fraction, thereby inflating it [49,50]. Our findings

support the retrotransposon derivative hypothesis. Based on

frequency distributions of divergent members within retrotranspo-

son families, similar processes are likely occurring in Sorghum bicolor

[29] and Oryza australiensis [51]. If retrotransposons constitute the

vast majority of the Pinus taeda genome, then the overall

contribution of retrotransposon derivatives would be sufficient to

explain most of its massive complexity.

The dispersed pattern of Gymny elements, shared with many

other pine Gypsy elements and TPE1, is in contrast to the tendency

of many Gypsy-family retrotransposons to cluster in centromeric

and pericentromeric regions in most [52–55], but not all [56]

angiosperm species. Like the Copia element TPE1 [24], most Gypsy

elements were randomly dispersed across Pinus chromosomes,

however one exceptional clone (Ppgy1) localized to centromeres

[23]. This finding implies a potential impact of many retro-

elements, including Gymny, on the expression of neighboring genes.

Transcribed retrotransposon derivatives could also account for

novel SAGE tags [48] and appear to represent genic DNA [57].

BAC sequencing will help establish the spatial relationships among

retroelements and neighboring genes as well as the relative timing

of their activities [19].

How and why did pine genomes become so large?
Retrotransposons have presumably contributed to the large size

of modern gymnosperm genomes. The Gymny family is a recent

addition to the Pinus genome, having been introduced or amplified

as recently as 16 MYA. This stands in contrast to other described

retrotransposons in Pinus, which predate the divergence of Pinus

and Picea (at least 87 MYA). While retrotransposon expansion is a

reasonable hypothesis for genome size evolution in pines, the

retrotransposon families responsible have not yet been reported.

We draw this conclusion because related species with distinct

genome sizes have either similar retroelement copy numbers based

on Southern hybridization intensities, or species with larger

genomes have lower copy numbers (this work; [23–25]. However,

a mere 10-fold expansion of a Gymny-sized family would be

sufficient to explain the ,1300 Mb of genome size variation

Table 2. Co-hybridization of overgo probes on BAC
macroarrays.

Probes # Positivea % Positiveb % of BACsa

P1,P2,P3 19 14.0 0.62

P1,P2 7 5.1 0.23

P1,P3 10 7.4 0.33

P2,P3 4 2.9 0.13

P1 67 49.3 2.18

P2 14 10.3 0.46

P3 15 11.0 0.49

aIn macroarray section of 3072 BAC clones.
bOf 136 total hybridizing BAC clones.
doi:10.1371/journal.pone.0004332.t002
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within subsection Australes [1,12]. Genome size variation could also

be caused by deletion or rearrangement [58]. Apparent chromo-

somal rearrangements are reflected in distinct rDNA patterns

among subgenera Strobus (larger genomes) and Pinus (smaller

genomes; [1,6,7] but not among species within each subgenus

[59], which may imply distinct evolutionary processes are involved

in genome size variation among Pinus subgenera.

There is ample precedent for periods of retrotransposition

associated with species-specific genome expansion in angiosperms.

A 16-fold increase in copy number of a Gypsy element GORGE3

(from 5,520 in Gossypium kirkii to 88,492 in G. exiguum) occurred

within the last 10 MY and, in combination with other retro-

element families, account for an estimated 1,145 Mb of the total

(1,872 Mb) genome size difference between these two species [60].

The Oryza australiensis genome has doubled within the last 3 MY,

not due to polypoloidization but instead to apparently non-

overlapping waves of expansion of the Copia element RIRE1 and

the Gypsy elements Kangourou and Wallabi, all of which were

apparently present in the ancestor of the genus [51]. Similarly,

expansion of various Gypsy elements has occurred within the genus

Oryza (some by as much as 30-fold, [61]) and Vicia [62].

Comparative genomic sequencing in pines is required for a more

precise understanding of how retrotransposon expansion has

shaped genome complexity and size variation in this taxon.

Figure 4. The same region of three identical BAC macroarrays hybridized with (A) probe P1; (B) probe P2; and (C) probe P3. Clones
are spotted in duplicate so positive signal is a closely situated pair of spots. BACs within circles, squares, diamonds and ovals show differential
hybridization among probes. While most symbols highlight a single BAC (i.e. a pair of spots), the oval highlights two BACs that hybridized to all three
overgo probes.
doi:10.1371/journal.pone.0004332.g004

Table 3. Gymny and WRKY distribution in Pinus taeda genomic fractions.

Cota Total Bases Trimmedb Reads Gymnyc
Total Contigs Gymnyd

WRKYe Hits

Hits % Hits %

RG 28,039,433 275,038 1,111 0.40 28,855 139 0.48 3 (9)

HR 28,047,400 216,921 1,397 0.64 22,163 197 0.89 0 (1)

MR 26,156,228 206,402 1,377 0.67 16,702 170 1.02 0 (1)

SL 20,235,555 102,708 245 0.24 14,681 50 0.34 3 (5)

TS 31,509,545 215,387 390 0.18 19,969 30 0.15 5 (18)

aFractions: RG, random genomic; HR, highly repetitive; MR, moderately repetitive; SL, single/low copy; TS, theoretical single-copy.
bLow quality score and length reads removed, see Methods.
cOn reads, bit score .40.
dOn contigs, E value ,1024.
eOn reads, unique hits bit score .50 (total hits bit score .40).
doi:10.1371/journal.pone.0004332.t003

Table 4. Gymnosperms used in Southern blot analysis.

Speciesa Pinus Subgenus Pinus Section Pinus Subsection Sourceb

Pinus echinata Mill. Pinus Trifoliae Australes SIFG

Pinus elliottii Engelm. var. elliottii (LA-11) Pinus Trifoliae Australes SIFG

Pinus glabra Walt. Pinus Trifoliae Australes SIFG

Pinus palustris Mill. (3–356) Pinus Trifoliae Australes SIFG

Pinus pinea L. Pinus Pinus Pinaster SIFG

Pinus radiata D. Don Pinus Trifoliae Attenuautae Camcore

Pinus taeda L. Pinus Trifoliae Australes SIFG

Pinus virginiana Mill. Pinus Trifoliae Contortae SIFG

Pinus strobus L. Strobus Quinquefoliae Strobi NCSU

Abies fraseri (Pursh) Poir. - - - NCSU

Ginkgo biloba L. - - - NCSU

Picea glauca (Moench) Voss - - - PSU

Picea mariana (Mill.) Britton et al. - - - PSU

Picea rubens Sarg. - - - PSU

Tsuga canadensis (L.) Carr. - - - NCSU

aOpen-pollinated seedlings of unknown or known maternal origin, except where noted.
bSIFG, Southern Institute of Forest Genetics, Saucier, MS; Camcore, North Carolina State University, Raleigh, NC (Dr. Gary Hodge); NCSU, Dr. John Frampton, North

Carolina State University, Raleigh, NC; PSU, Dr. John Carlson, The Pennsylvania State University, University Park, PA.
doi:10.1371/journal.pone.0004332.t004

Genome Size and Complexity

PLoS ONE | www.plosone.org 7 February 2009 | Volume 4 | Issue 2 | e4332



Whether the evolutionary processes leading to large, complex

genomes are equivalent in angiosperm and gymnosperm lineages

remains an open question. Interestingly, certain classes of repeat

elements show distinct chromosomal distributions in angiosperms

and gymnosperms [24,25,63,64] and epigenetic markings associ-

ated with heterochromatin differ in angiosperms and gymno-

sperms [65]. Determining whether gymnosperms share a similar

distribution of elements, or exhibit a distinct genomic architecture,

is a key to understanding how evolution has shaped these two

major lineages of seed plants.

Materials and Methods

Cloning and sequence analysis
For isolation of genomic fragments adjacent to RAPD marker

B8_650, Pinus taeda L. (genotype 10-5, obtained from NCSU

Cooperative Tree Improvement Program, Raleigh, NC, USA)

DNA was isolated using a CTAB based method [66], quality was

checked on a 0.8% w/v agarose gel, then DNA was digested with

DraI, EcoRV, StuI or PvuII and ligated to adaptors according to the

GenomeWalker protocol (Clontech, Mountain View, CA, USA).

Gymny primers were designed using Netprimer (Premier Biosoft

International) according to the specifications given in the

GenomeWalker protocol. The GenomeWalker protocol was used

for amplification of upstream and downstream regions in

amplification steps using primers designed against the sequence

of the B8_650 RAPD marker and adaptor primers from the

GenomeWalker Kit. Gel purified PCR fragments were cloned in

pGEM-T (Invitrogen, Carlsbad, CA, USA) for sequencing.

Sequence assembly was done with Sequencher (Gene Codes,

Ann Arbor, MI, USA) and open reading frames were identified

using the ORF finder program at NCBI (http://www.ncbi.nlm.

Figure 5. Southern blot analyses of selected Pinus species. The
location of probes Fr1035 and Fr1075 in RLG_Gymny_EU912388-1 are
indicated in Figure 1. (A, B) filters hybridized with Fr1075 probe; (C, D)
filters hybridized with Fr1035 probe; (A, C) digested with HindIII; (B, D)
digested with HaeIII; (E) representative HindIII digested DNA stained
with ethidium bromide. Lanes (1) Pinus glabra, (2) P. taeda, (3) P. elliottii,
(4) P. radiata, (5) P. echinata, (6) P. palustris, (7) P. virginiana, (8) P. pinea,
(9) P. strobus.
doi:10.1371/journal.pone.0004332.g005

Figure 6. Monophyletic lineages within the genus Pinus, with
hypothesized time frame for amplification or introduction of
Gymny elements into the subgenus Pinus lineage relative to
IFG7 and TPE1. The tree shown is derived from the analyses
performed by Willyard et al. [12] where the dates for the nodes were
selected to show the maximum possible range of values using either
wood or leaf fossil calibrations, and either nuclear DNA or chloroplast
DNA markers.
doi:10.1371/journal.pone.0004332.g006
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nih.gov/projects/gorf/). Sequence from a portion of a putative 59

LTR was identified in addition to sequence containing regions

similar to pol genes from retrotransposons. Obtaining additional

sequences downstream of the integrase domain by genome

walking was unsuccessful; there was an absence of optimal primer

binding sites in this region, and the few amplification products

obtained shared no sequence identity with the reference element.

Primer sequences and amplification products obtained are listed in

Figure S2.

The element was sufficiently different from other described

elements, i.e., less than 80% identity over 80% of its coding

regions [67], to warrant its status as the reference element of a new

family. In accordance with the hierarchical nomenclature

developed by Wicker et al. [67] the nearly complete copy of

Gymny sequenced in our walk was designated RLG_Gymny_

EU912388-1 based upon the class (‘R’ for retrotransposon), order

(‘L’ for LTR element), superfamily (‘G’ for Gypsy), family (‘Gymny’

for gymnosperm), accession number (EU912388), and position

with regard to other copies of the element in the accession (‘1’ for

the first occurrence of Gymny within this accession).

The EMBOSS Isochore program was used to calculate GC

content over sequence in a 100 bp sliding window (http://www.

ebi.ac.uk/emboss/cpgplot/index.html). BLAST (http://www.

ncbi.nlm.nih.gov) was implemented for similarity searches and

SMART (http://smart.embl-heidelberg.de/) was used to search

for conserved protein domains. The reverse transcriptase sequenc-

es used in the multiple-sequence comparisons in Figure 2 were

obtained from GenBank (http://www.ncbi.nlm.nih.gov) and

alignments generated using ClustalX [68]. A reverse transcriptase

(RT) relatedness tree was assembled using ClustalX with the

neighbor joining algorithm, and nodal support was assessed using

10,000 bootstrap replicates. The relatedness tree was visualized

using Treeview [69].

Fluorescent in situ hybridization
Chromosome spreads were prepared from root tip protoplasts

of young potted P. taeda seedlings (progeny of genotypes LSG-62,

B-5-3 and B-145-L) as described [70,71]. Clones Fr1035 and

Fr1075 (Figure 1) were labeled with biotin-16-dUTP (BIO-Nick

Translation Mix, Roche Applied Science, Indianapolis, IN, USA)

and 18S–28S rDNA [72] was labeled with digoxigenin-11-dUTP

(Digoxigenin-Nick Translation Mix, Roche Applied Science,

Indianapolis, IN, USA) following manufacturer’s instructions.

Hybridizations with Fr1035, Fr1075 (40 ng each per slide) and

18S–28S rDNA (25 ng per slide) were carried out as described

[71] and detected with Cy3-conjugated streptavidin (Jackson

ImmunoResearch, West Grove, PA, USA) or FITC-conjugated

anti-digoxigenin, respectively. The hybridized chromosome

spreads were counter-stained with DAPI (4 mg/ml w/v) for

5 min in the dark, washed briefly with 46 SSC/0.2% v/v

Tween-20, and then mounted by Vectashield (Vector Laborato-

ries, Burlingame, CA, USA) to prevent fluorochrome bleaching.

Digital images of the hybridized and washed slides were recorded

from an AxioImager Z-1 Epi-fluorescence microscope with

suitable filter sets (Chroma Technology, Rockingham, VT,

USA), using a COHU High Performance CCD Camera and the

Metafer v4 MetaSystems Finder digital image system (MetaSys-

tem, Belmont, MA, USA). Images were processed initially with

Ikaros and ISIS v5.1 and then further processed with Adobe

Photoshop CS v8 (Adobe Systems, San Jose, CA, USA).

BAC screening
Information on the P. taeda (genotype 7–56) BAC library can be

found at http://www.mgel.msstate.edu/dna_libs.htm. In brief, the

BAC library (as of 2/18/2008) contains a total of 1,612,800 clones

with a mean insert size of 94 kb and represents 76coverage of the

P. taeda genome. Three duplicate copies of a macroarray

containing 18,432 double-spotted BAC clones were screened with

overgo probes designed from the 59 end of RLG_Gymny_

EU912388-1 sequence. One of the probes (denoted ‘P1’, bases

5–40) corresponds to a portion of the putative 59 LTR, a second

(‘P2’, bases 609–644) comes from the region between ORF1 and

the putative 59 LTR, while the third is derived from ORF3 in the

gag region (denoted ‘P3’, bases 2038–2073). Macroarray hybrid-

ization was performed using 32P-labeled overgos as described by

McPherson et al. [73] (see http://bacpac.chori.org/overgohyb.htm

for details). Briefly, hybridizations were carried out overnight at

60uC in 1 mM EDTA, 7% (w/v) SDS, 0.5 M sodium phosphate

(pH 7.2) followed by a 30 minute wash at 60uC in 1 mM EDTA,

1% (w/v) SDS, 40 mM sodium phosphate (pH 7.2), a 20 minute

wash at 60uc in 1.56SSC, 0.1% (w/v) SDS and a final 20 minute

wash at 60uC in 0.56 SSC, 0.1% (w/v) SDS. Hybridization

images were captured using a GE Healthcare Storm 820

Phosphorimager (Piscataway, NJ, USA) according to manufactur-

er’s instructions. Copy number estimates were obtained from

representative portions of macroarrays using the protocol of

Peterson et al. [29].

Searching random genomic 454 reads for Gymny
The RLG_Gymny_EU912388-1 element was used as a BLASTn

query against a sequence set containing 275,038 trimmed

sequence reads (all reads $50 bases with Q$20 over 75% of

the read length; total bases = 28,039,433). The sequence set was

generated by 454 pyrosequencing of random genomic DNA from

the P. taeda genotype 7–56 (see http://www.pine.msstate.edu/seq.

htm). Of the 275,038 reads, 1111 exhibited significant (bit

scores.40) BLASTn hits (default parameters) to RLG_Gymny_

EU912388-1. These 1111 reads were aligned with RLG_Gymny_

EU912388-1 using Phrap (default parameters). The largest of the

resulting Phrap contigs contained 685 of the 1111 reads and

encompassed the whole RLG_Gymny_EU912388-1 sequence.

Searching Cot fractionated 454 reads for Gymny
Highly repetitive (HR), moderately repetitive (MR), single/low-

copy (SL) and theoretical single-copy (TS) Cot fractions from P.

taeda genotype 7-56 were isolated according to Peterson et al. [29]

(also see www.mgel.msstate.edu/seq_names.htm) and sequenced

using a GS20 454 pyrosequencer (for sequences see www.pine.

msstate.edu/seq.htm). The resulting datasets were trimmed to

remove low quality sequences as described above and subjected to

a BLASTn search using the RLG_Gymny_EU912388-1 consensus

as a query, after which the top alignments with bit scores .40

were retrieved and evaluated. For comparison, we assembled each

untrimmed dataset into contigs using Phrap (default parameters)

and subjected the contigs to a BLASTn search using the

RLG_Gymny_EU912388-1 consensus as a query, after which the

top alignments with E values less than 1.061024 were retrieved

and evaluated. As a positive control for fractionation of genic

DNA into low-copy fractions, 26 EST contigs encoding pine

WRKY transcription factors were extracted from the Plant

Transcription Factor Database (http://planttfdb.cbi.pku.edu.cn)

and used as queries to interrogate the trimmed datasets. The top

alignments with bit scores .40 were retrieved and evaluated.

Southern analysis
Southern analysis was conducted using DNA isolated from

foliage. In brief, 10 mg of genomic DNA were digested overnight

with HindIII or HaeIII enzymes at 37uC, separated (0.7% w/v
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agarose gel) and transferred to Hybond-N+ (Amersham Biosci-

ences, Piscataway, NJ, USA). Probes Fr1075 and Fr1035 (Figure 1)

were amplified by PCR from pGEM-T using SP6 and T7 vector

primers, purified using QIAquick Gel Extraction Kit (Qiagen,

Valencia, CA, USA) and labeled with radioactive 32P-ATP using

the RadPrime DNA Labeling System (Invitrogen, Carlsbad, CA,

USA). Hybridizations in aqueous buffer consisting of 0.5 M

phosphate buffer, pH 7.2, 7% (w/v) SDS, 1 mM EDTA were

carried out overnight at 65uC followed by a 1 hour wash in

40 mM phosphate buffer, pH 7.2, 5% (w/v) SDS, 1 mM EDTA

and two stringent 30 minute washes in 40 mM phosphate buffer,

pH 7.2, 1% (w/v) SDS, 1 mM EDTA at 65uC [74].

Supporting Information

File S1 Supporting Data Analyses

Found at: doi:10.1371/journal.pone.0004332.s001 (0.05 MB

DOC)

Figure S1 Translated sequence alignment of Gypsy RT

polymerase domains. The five RT polymerase motifs (defined by

Poch et al. 1989. EMBO J. 8: 3867–3874) are indicated by black

bars (A to E). Identical amino acid residues are indicated by an

asterisk, conservative and semi-conservative substitutions with a

colon and period, respectively. Accession numbers are Gloin

AC007188.5, Gimli AL049655.2, Legolas AC006570.4, TMA

AC005398, Tat4-1 AB005247.1, Tft1 AC007268.3, Tft2

AF096372, Athila1-1 AC007209.4a, Little-Athila AC007120.4,

IFG7 AJ004945, PpRT1 DQ394069. All elements evaluated

contain the two aspartate residues in motif C (F/YXDD) and the

aspartate residue in motif A (LD) associated with RT catalytic

activity.

Found at: doi:10.1371/journal.pone.0004332.s002 (0.24 MB TIF)

Figure S2 GenomeWalker primers used for Gymny cloning.

Primer sequences are given in (A) along with their direction

relative to Gymny. Primer locations are shown in (B) within the

sequences used to generate the consensus sequences.

Found at: doi:10.1371/journal.pone.0004332.s003 (0.16 MB TIF)

Acknowledgments

We thank Emmarita Golden and Philippe Chouvarine for technical

support and Christopher Dervinis for helpful discussions. We thank Ron

Sederoff, Brad Barbazuk Steve Strauss and Connie Mulligan for helpful

comments on previous drafts.

Author Contributions

Conceived and designed the experiments: AMM DP TLK HVA CDN

JMD. Performed the experiments: MNIF KES ZVM SAG. Analyzed the

data: AMM DP JEC JMD. Contributed reagents/materials/analysis tools:

DP JEC CDN. Wrote the paper: AMM DP JMD. Critically edited the

paper: KES ZVM SAG TLK HVA JEC CDN MNIF.

References

1. Grotkopp E, Rejmanek M, Sanderson MJ, Rost TL (2004) Evolution of genome

size in pines (Pinus) and its life-history correlates: Supertree analyses. Evolution
58: 1705–1729.

2. Price RA, Liston A, Strauss SH (1989) Phylogeny and systematics of Pinus. In:

Richardson DM, ed. Ecology and Biogeography of Pinus. Cambridge:
Cambridge University Press. pp 49–68.

3. Gernandt DS, Lopez GG, Garcia SO, Liston A (2005) Phylogeny and
classification of Pinus. Taxon 54: 29–42.

4. Dvorak WS, Jordon AP, Hodge GP, Romero JL (2000) Assessing evolutionary

relationships of pines in the Oocarpae and Australes subsections using RAPD
markers. New Forests 20: 163–192.

5. McKeand S, Mullin T, Byram T, White T (2003) Deployment of genetically

improved loblolly and slash pines in the south. Journal of Forestry 101: 32–37.

6. Ohri D, Khoshoo TN (1986) Genome Size in Gymnosperms. Plant Systematics

and Evolution 153: 119–132.

7. Wakamiya I, Newton RJ, Johnston JS, Price HJ (1993) Genome size and
environmental factors in the genus Pinus. American Journal of Botany 80:

1235–1241.

8. Bennetzen JL (2002) Mechanisms and rates of genome expansion and
contraction in flowering plants. Genetica 115: 29–36.

9. Walbot V, Petrov DA (2001) Gene galaxies in the maize genome. Proceedings of
the National Academy of Sciences of the United States of America 98:

8163–8164.

10. Williams CG, Joyner KL, Auckland LD, Johnston S, Price HJ (2002) Genomic
consequences of interspecific Pinus spp. hybridization. Biological Journal of the

Linnean Society 75: 503–508.

11. Millar C (1998) Early evolution of pines. In: Richardson D, ed. Ecology and
Biogeography of Pinus. Cambridge, U.K.: Cambridge University Press. pp 69–91.

12. Willyard A, Syring J, Gernandt DS, Liston A, Cronn R (2007) Fossil calibration
of molecular divergence infers a moderate mutation rate and recent radiations

for Pinus. Molecular Biology and Evolution 24: 90–101.

13. Bennetzen JL (1998) The structure and evolution of angiosperm nuclear
genomes. Current Opinion in Plant Biology 1: 103–108.

14. Wicker T, Keller B (2007) Genome-wide comparative analysis of copia

retrotransposons in Triticeae, rice, and Arabidopsis reveals conserved ancient
evolutionary lineages and distinct dynamics of individual copia families. Genome

Research 17: 1072–1081.

15. Wills JW, Craven RC (1991) Form, function, and use of retroviral gag proteins.

AIDS 5: 639–654.

16. Varmus H, Brown P (1989) Retroviruses. In: Berg DE, Howe MM, eds. Mobile
DNA. Washington: American Society for Microbiology. pp 53–108.

17. Havecker ER, Gao X, Voytas DF (2004) The diversity of LTR retrotransposons.

Genome Biology 5: 225.221–225.226.

18. Liu RY, Vitte C, Ma JX, Mahama AA, Dhliwayo T, et al. (2007) A GeneTrek

analysis of the maize genome. Proceedings of the National Academy of Sciences

of the United States of America 104: 11844–11849.

19. San Miguel P, Tikhonov A, Jin YK, Motchoulskaia N, Zakharov D, et al. (1996)
Nested retrotransposons in the intergenic regions of the maize genome. Science

274: 765–768.

20. McClintock B (1984) The significance of responses of the genome to challenge.

Science 226: 792–801.

21. Grandbastien MA, Audeon C, Bonnivard E, Casacuberta JM, Chalhoub B, et

al. (2005) Stress activation and genomic impact of Tnt1 retrotransposons in
Solanaceae. Cytogenetic and Genome Research 110: 229–241.

22. Kalendar R, Tanskanen J, Immonen S, Nevo E, Schulman AH (2000) Genome

evolution of wild barley (Hordeum spontaneum) by BARE-1 retrotransposon
dynamics in response to sharp microclimatic divergence. Proceedings of the

National Academy of Sciences of the United States of America 97: 6603–6607.

23. Friesen N, Brandes A, Heslop-Harrison JS (2001) Diversity, origin, and

distribution of retrotransposons (gypsy and copia) in conifers. Molecular Biology
and Evolution 18: 1176–1188.

24. Kamm A, Doudrick RL, HeslopHarrison JS, Schmidt T (1996) The genomic
and physical organization of Ty1-copia-like sequences as a component of large

genomes in Pinus elliottii var elliottii and other gymnosperms. Proceedings of the

National Academy of Sciences of the United States of America 93: 2708–2713.

25. Kossack DS, Kinlaw CS (1999) IFG, a gypsy-like retrotransposon in Pinus

(Pinaceae), has an extensive history in pines. Plant Molecular Biology 39:
417–426.

26. Rocheta M, Cordeiro J, Oliveira M, Miguel C (2007) PpRT1: the first complete
gypsy-like retrotransposon isolated in Pinus pinaster. Planta 225: 551–562.

27. Peterson DG, Wessler SR, Paterson AH (2002) Efficient capture of unique
sequences from eukaryotic genomes. Trends in Genetics 18: 547–550.

28. Paterson AH (2006) Leafing through the genomes of our major crop plants:

strategies for capturing unique information. Nature Reviews Genetics 7:
174–184.

29. Peterson DG, Schulze SR, Sciara EB, Lee SA, Bowers JE, et al. (2002)
Integration of Cot analysis, DNA cloning, and high-throughput sequencing

facilitates genome characterization and gene discovery. Genome Research 12:
795–807.

30. Rake AV, Miksche JP, Hall RB, Hansen KM (1980) DNA reassociation kinetics
of four conifers. Canadian Journal of Genetics and Cytology 22: 69–79.

31. Palmer LE, Rabinowicz PD, O’Shaughnessy AL, Balija VS, Nascimento LU, et

al. (2003) Maize genome sequencing by methylation filtrations. Science 302:
2115–2117.

32. Whitelaw CA, Barbazuk WB, Pertea G, Chan AP, Cheung F, et al. (2003)
Enrichment of gene-coding sequences in maize by genome filtration. Science

302: 2118–2120.

33. Yuan YN, SanMiguel PJ, Bennetzen JL (2003) High-Cot sequence analysis of

the maize genome. Plant Journal 34: 249–255.

34. Bennett MD, Leitch IJ, Price HJ, Johnston JS (2003) Comparisons with

Caenorhabditis (approximately 100 Mb) and Drosophila (approximately 175 Mb)

using flow cytometry show genome size in Arabidopsis to be approximately

Genome Size and Complexity

PLoS ONE | www.plosone.org 10 February 2009 | Volume 4 | Issue 2 | e4332



157 Mb and thus approximately 25% larger than the Arabidopsis genome

initiative estimate of approximately 125 Mb. Annals of Botany 91: 547–557.
35. Abe H, Kanehara M, Terada T, Ohbayashi F, Shimada T, et al. (1998)

Identification of novel random amplified polymorphic DNAs (RAPDs) on the W

chromosome of the domesticated silkworm, Bombyx mori, and the wild silkworm,
B. mandarina, and their retrotransposable element-related nucleotide sequences.

Genes & Genetic Systems 73: 243–254.
36. Wilcox PL, Amerson HV, Kuhlman EG, Liu BH, OMalley DM, et al. (1996)

Detection of a major gene for resistance to fusiform rust disease in loblolly pine

by genomic mapping. Proceedings of the National Academy of Sciences, USA
93: 3859–3864.

37. Xiong Y, Eickbush TH (1988) Similarity of reverse transcriptase-like sequences
of viruses, transposable elements, and mitochondrial introns. Molecular Biology

and Evolution 5: 675–690.
38. Voytas DF, Ausubel FM (1988) A copia-like transposable element family in

Arabidopsis thaliana. Nature 336: 242–244.

39. Pereira V (2004) Insertion bias and purifying selection of retrotransposons in the
Arabidopsis thaliana genome. Genome Biology 5: R79.

40. Shibata F, Murata M (2004) Differential localization of the centromere-specific
proteins in the major centromeric satellite of Arabidopsis thaliana. Journal of Cell

Science 117: 2963–2970.

41. Bennett MD, Leitch IJ (2004) Plant DNA C-values Database. http://
wwwkeworg/cval/homepagehtml.

42. Voytas DF (1996) Retroelements in genome organization. Science 274:
737–738.

43. Guo AY, Chen X, Gao G, Zhang H, Zhu QH, et al. (2008) PlantTFDB: a
comprehensive plant transcription factor database. Nucleic Acids Research 36:

D966–D969.

44. Auckland LD, Johnston JS, Price HJ, Bridgwater FE (2001) Stability of nuclear
DNA content among divergent and isolated populations of Fraser fir. Canadian

Journal of Botany-Revue Canadienne De Botanique 79: 1375–1378.
45. Joyner KL, Wang XR, Johnston JS, Price HJ, Williams CG (2001) DNA content

for Asian pines parallels New World relatives. Canadian Journal of Botany-

Revue Canadienne De Botanique 79: 192–196.
46. Murray BG (1998) Nuclear DNA amounts in gymnosperms. Annals of Botany

82: 3–15.
47. Kinlaw CS, Neale DB (1997) Complex gene families in pine genomes. Trends in

Plant Science 2: 356–359.
48. Lorenz WW, Dean JFD (2002) SAGE Profiling and demonstration of differential

gene expression along the axial developmental gradient of lignifying xylem in

loblolly pine (Pinus taeda). Tree Physiology 22: 301–310.
49. Murray MG, Peters DL, Thompson WF (1981) Ancient repeated sequences in

the pea and mung bean genomes and implications for genome evolution. Journal
of Molecular Evolution 17: 31–42.

50. Elsik CG, Williams CG (2000) Retroelements contribute to the excess low-copy-

number DNA in pine. Molecular and General Genetics 264: 47–55.
51. Piegu B, Guyot R, Picault N, Roulin A, Saniyal A, et al. (2006) Doubling

genome size without polyploidization: dynamics of retrotransposition-driven
genomic expansions in Oryza australiensis, a wild relative of rice. Genome Res 16:

1262–1269.
52. Presting GG, Malysheva L, Fuchs J, Schubert IZ (1998) A Ty3/gypsy

retrotransposon-like sequence localizes to the centromeric regions of cereal

chromosomes. Plant Journal 16: 721–728.
53. Gindullis F, Desel C, Galasso I, Schmidt T (2001) The large-scale organization

of the centromeric region in Beta species. Genome Research 11: 253–265.
54. Santini S, Cavallini A, Natali L, Minelli S, Maggini F, et al. (2002) Ty1/copia-

and Ty3/gypsy-like DNA sequences in Helianthus species. Chromosoma 111:

192–200.

55. Kumekawa N, Hosouchi T, Tsuruoka H, Kotani H (2000) The size and
sequence organization of the centromeric region of Arabidopsis thaliana

chromosome 5. DNA Research 7: 315–321.

56. Belyayev A, Raskina O, Nevo E (2005) Variability of the chromosomal
distribution of Ty3-gypsy retrotransposons in the populations of two wild Triticeae

species. Cytogenetic and Genome Research 109: 43–49.

57. Bennetzen JL, Coleman C, Liu RY, Ma JX, Ramakrishna W (2004) Consistent
over-estimation of gene number in complex plant genomes. Current Opinion in

Plant Biology 7: 732–736.

58. Hawkins JS, Grover CE, Wendel JF (2008) Repeated big bangs and the
expanding universe: Directionality in plant genome size evolution. Plant Science

174: 557–562.

59. Cai Q, Zhang DM, Liu ZL, Wang XR (2006) Chromosomal localization of 5S
and 18S rDNA in five species of subgenus Strobus and their implications for

genome evolution of Pinus. Annals of Botany 97: 715–722.

60. Hawkins JS, Kim H, Nason JD, Wing RA, Wendel JF (2006) Differential
lineage-specific amplification of transposable elements is responsible for genome

size variation in Gossypium. Genome Research 16: 1252–1261.

61. Zuccolo A, Sebastian A, Talag J, Yu Y, Kim H, et al. (2007) Transposable
element distribution, abundance and role in genome size variation in the genus

Oryza. BMC Evolutionary Biology 7: 152–165.

62. Hill P, Burford D, Martin DMA, Flavell AJ (2005) Retrotransposon populations
of Vicia species with varying genome size. Molecular Genetics and Genomics

273: 371–381.

63. Schmidt A, Doudrick RL, Heslop-Harrison JS, Schmidt T (2000) The

contribution of short repeats of low sequence complexity to large conifer

genomes. Theoretical and Applied Genetics 101: 7–14.

64. Heslop-Harrison JS, Brandes A, Taketa S, Schmidt T, Vershinin AV, et al.

(1997) The chromosomal distributions of Ty1-copia group retrotransposable

elements in higher plants and their implications for genome evolution. Genetica
100: 197–204.

65. Fuchs J, Jovtchev G, Schubert I (2008) The chromosomal distribution of histone

methylation marks in gymnosperms differs from that of angiosperms.
Chromosome Res, DOI: 10.1007/s10577-008-1252-4.

66. Carlson JE, Tulsieram LK, Glaubitz JC, Luk VWK, Kauffeldt C, et al. (1991)

Segregation of random amplified DNA markers in F1 progeny of conifers.
Theoretical and Applied Genetics 83: 194–200.

67. Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, et al. (2007) A unified

classification system for eukaryotic transposable elements. Nature Reviews
Genetics 8: 973–982.

68. Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG (1997) The

CLUSTAL_X windows interface: flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucleic Acids Research 25:

4876–4882.

69. Page RDM (1996) TreeView: An application to display phylogenetic trees on
personal computers. Computer Applications in the Biosciences 12: 357–358.

70. Jewell DC, Islam-Faridi MN (1994) Details of a technique for somatic

chromosome preparation and C-banding of maize. In: Freeling M, Walbot V,
eds. The Maize Handbook. New York: Springer-Verlag. pp 484–493.

71. Islam-Faridi MN, Nelson CD, Kubisiak TL (2007) Reference karyotype and

cytomolecular map for loblolly pine (Pinus taeda L.). Genome 50: 241–251.

72. Zimmer EA, Jupe ER, Walbot V (1988) Ribosomal gene structure, variation and

inheritance in maize and its ancestors. Genetics 120: 1125–1136.

73. McPherson JD, Marra M, Hillier L, Waterston RH, Chinwalla A, et al. (2001) A

physical map of the human genome. Nature 409: 934–941.

74. Church GM, Gilbert W (1984) Genomic sequencing. Proceedings of the
National Academy of Sciences, USA 81: 1991–1995.

Genome Size and Complexity

PLoS ONE | www.plosone.org 11 February 2009 | Volume 4 | Issue 2 | e4332


