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Abstract

Conifers are the most widely distributed group of
gymnosperms in the world. They have large genome size
(1C-value) compared with most animal and plant
species. The genome size ranges from ~6,500 Mb to
~37,000 Mb in conifers. How and why conifers have
evolved such large genomes is not understood. The
conifer genome contains ~75% highly repetitive DNA.
Most of the repetitive DNA is composed of non-coding
DNA, including ubiquitous transposable elements.
Conifers have relatively larger rDNA repeat units, larg-
er gene families generated by gene duplications, larger
nuclear volume, and perhaps larger genes, as compared
to angiosperm plants. These genomic components may
partially account for the large genome size, as well as
variation in genome size, in conifers. One of the major
mechanisms for genome size expansion and evolution of
species is polyploidy, which is widespread in
angiosperms, but it is rare in conifers. There are only a
few natural polyploids in one family of conifers, Cupres-

saceae. Other conifers, including well-studied pines, are
nearly all diploids. Whether ancient polyploidy has
played a role in the evolution of genome size in conifers
still remains an open question. The mechanisms that
account for the variation and evolution of genome size in
conifers are addressed in this review.

Key words: genome size, conifers, pines, polyploidy, paleopoly-
ploidy, duplicate genes, repetitive DNA, retrotransposons,
introns, genome evolution.

Introduction

Conifers, belonging to the order Coniferales, are the
largest and the most diverse group of cone-bearing gym-
nosperms that are distributed widely, albeit unevenly,
throughout the world (FARJON, 1998). While conifers
mostly dominate the temperate zone forests in the
northern hemisphere, they are rather scattered in the
southern hemisphere. They are wind-pollinated, highly
heterozygous, and long-lived trees with vegetative phas-
es extending from one to several decades, and even cen-
turies in the case of bristle cone pine (Pinus longaeva).
Conifers are economically the most important plant
group of wood and fiber crops. Fossil records suggest
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that conifers originated from protogymnosperms during
the Carboniferous Period (325 mya), and were most
diverse and abundant during the Jurassic Period (195
mya) (MILLER, 1977; STEWART and ROTHWELL, 1993). 

Modern Conifers are placed in eight families, 68 gen-
era, and 630 species (FARJON, 1998). These families
include Araucariaceae (3 genera), Cephalotaxaceae (1
genus), Cupressaceae sensu lato (s.l.) (28 genera, includ-
ing 9 genera of Taxodiaceae), Phyllocladaceae (1 genus),
Pinaceae (11 genera), Podocarpaceae (18 genera), Sci-
adopityaceae (1 genus), and Taxaceae (5 genera). The
haploid chromosome numbers in conifers range between
9 and 19: 11 and 12 being the most common numbers
(KHOSHOO, 1961). Most species are diploids, and poly-
ploidy is rare in conifers. Recent molecular phylogeny
studies based on chloroplast, mitochondrial, nuclear
genes, and intron loss suggest that gymnosperms are
divided into five different groups, namely: Cycadales,
Ginkgoales, Gnetales (Gnetaceae, Ephedraceae, Wel-
witschiaceae), Pinaceae, and Coniferales II (comprising
of all conifer families except Pinaceae) (BOWE et al.,
2000; CHAW et al., 2000; GUGERLI et al., 2001). These
molecular studies have also identified Cycadales as the
most basal group of gymnosperms, and Gnetales and
Pinaceae clade form a sister group to Coniferales II. For
the purposes of our discussion on genome size we shall
treat Coniferales II and Pinaceae under one group
Coniferales.

Conifers have relatively large genomes compared to
most other land plant species (LEITCH et al., 2005). How
and why conifers have evolved such large genomes is not
understood. Increase in genome size may occur by sever-
al different mechanisms. These include genome duplica-
tion (polyploidy), gene duplications, amplification of
transposable elements, and increase in number and size
of introns. Which one of these mechanisms has predomi-
nantly contributed to the evolution of large genome size
in conifers? Even though extant polyploidy is rare in
conifers, has ancient polyploidy played a role in the evo-
lution of genome size in conifers? We examine these
questions in this review. 

Genome Size in Plants

Genome size, referred to as the C-value, is the amount
of DNA in an unreplicated gametic nucleus of an organ-
ism (BENNETT et al., 1998; SOLTIS et al., 2003a). It varies
~200,000-fold in eukaryotes, ranging from 9.2 Mb in the
fungus Ashbya gossypii (DIETRICH et al., 2004) to
680,000 Mb in Amoeba dubia (GREGORY, 2001). Genome
sizes exhibit enormous variation in both plants and ani-
mals: it ranges >2000-fold between different land plant
species (BENNETT and LEITCH, 2003), and >3000-fold in
different animal species (GREGORY, 2001). In plants
genome size has been estimated in about 4000 species,
which ranges in size from 50 Mb in Cardamine amara
(Brassicaceae) to 125,000 Mb in Fritillaria assyriaca
(Liliaceae) (BENNETT and SMITH, 1991; BENNETT and
LEITCH, 2003; SOLTIS et al., 2003a). However, recent esti-
mates of genome size of Cardamine amara have given a
higher 1C-value (~220 MB), and that the previous 1C
value (50 Mb) is an error (BENNETT and LEITCH, 2005).

In view of this finding, the 1C genome in Arabidopsis
(157 Mb) estimated by BENNETT et al. (2003) may be con-
sidered perhaps the smallest genome in angiosperms.
Most angiosperms (~50%) have relatively small 1C-val-
ues (1C <3,400 Mb) within five-fold the mode (600 Mb),
and very large genomes are represented in only two dis-
tantly related groups (monocots and Santalales) (LEITCH

and BENNETT, 2002; SOLTIS et al., 2003a). But the range
of genome size is the greatest (~1,000-fold) in
angiosperms of all land plant groups (SOLTIS et al.,
2003a).

Conifers have relatively large modal genome sizes as
compared to most other plants species, including many
angiosperm tree species (Table 1). The genome size
ranges from ~6,500 Mb to ~37,000 Mb in conifers, show-
ing a 5-fold variation. By contrast, the genome size in
several representative genera of the angiosperm trees
ranges between 540 Mb to 2,000 Mb (Table 1). Although
some angiosperm trees may have larger genomes
(>2,000 Mb), for example in Camelia, by and large the
modal 1C genome in angiosperm trees is <1,000 MB, as
compared to the modal 1C genome in conifers (>15,000).
Genome size in gymnosperms, other than conifers,
ranges from 3,820 Mb in Gnetum to 18,000 Mb in
Ephedra, also showing about 5-fold variations (LEITCH et

Table 1. – Genome size in some conifers and angiosperm tree
species.

a. Data in Pinaceae, Araucariaceae, Taxaceae, and Podocar-
paceae from MURRAY (1998), SILJAK-YAKOVLEV et al. (2002);
except the genus Pinus from GROTKOPP et al. (2004); Cuppres-
saceae, and Sciadopiyaceae from HIZUME et al. (2001); Quercus
from OHRI and AHUJA (1990); Eucalyptus (GRATTAPAGLIA and
BRADSHAW (1994); Populus from DHILLON (1987); and Acacia
and Ulmus from BENNETT and SMITH (1991). In all these stud-
ies, the nuclear DNA amounts were given in picograms (pg).
b. Conversion basis: 1 pg = 980 Mb (BENNETT et al., 2003).
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al., 2001) The genome size in pteridophytes shows enor-
mous variation (>450-fold) in genome size: it ranges
from 157 Mb to 71,250 MB (OBERMAYER et al., 2002). 

Based on the genome size in eukaryotes, it clear that
there is little relationship between the genome size and
the degree of organismal complexity, giving rise to the
phenomenon known as ‘C-value paradox’ (THOMAS,
1971). The C-value paradox has been a driving force for
searching for mechanisms that would account for the
variation in genome size in eukaryotes. A partial expla-
nation to the C-value paradox may lay in the differential
amounts of non-coding, repetitive, DNA in the genome
that may lead to the genome size variation in eukary-
otes (PETROV, 2001; GREGORY, 2001; KIDWELL, 2002).
However, relative contributions of different types of non-
coding repetitive DNA and other genomic components to
genome size still remains unanswered. (KIDWELL, 2002;
GREGORY, 2005).

Intraspecific and Interspecific Genome Size Variation

Variation in genome size within a species has been
reported in a number of plant species (PRICE, 1988;
OHRI, 1998). For example, genome size varies 1.5-fold
within provenances/populations of Pinus banksiana,
1.6-fold in Picea glauca (MIKSCHE, 1968), 2.2-fold in
Pinus resinosa (DHIR and MIKSCHE, 1974), 2.5-fold in Zea
mays (RAYBURN et al., 1985; BENNETT and SMITH, 1991),
1.3-fold in Pisum sativum (CAVALLINI et al., 1993), and
1.15 in Glycine max (GRAHAM et al., 1994). The intraspe-
cific genome variation seems to be associated with the
environmental conditions or growth parameters (PRICE,
1988; KNIGHT et al., 2005). Seed size and duration of tree
development appear to be positively correlated with
increase of genome size in conifers (OHRI and KHOSHOO,
1986; WAKAMIYA et al., 1993; NEWTON et al., 1999). 

Plant species from the northern regions of the north-
ern hemisphere tend to have larger nuclear volumes and
higher DNA content as compared to those from the
southern regions (STEBBINS, 1966). This correlation has
been observed within the populations (intraspecific vari-
ation) of a number of conifer species, including Picea
glauca, Picea sitchensis, Pinus sylvestris, Pinus
banksiana and Pseudotsuga menziesii (MERGEN and
THIELGES, 1967; EL-LAKANY and SZIKLAI, 1971; MIKSCHE,
1971). Populations of Picea rubens, with relatively high
DNA content, seem to be less tolerant to high altitude as
compared to those of Picea mariana, with a low nuclear
DNA amount (BERLYN et al., 1990). However, there are
exceptions to such relationships. A south-to-north
increasing DNA gradient was not observed in the popu-
lations of Pinus resinosa (DHIR and MIKSCHE, 1974). Sta-
bility in the nuclear DNA content was also reported in
the disjunct populations of Fraser fir (Abies fraseri) in
the Appalachian Mountains (AUKLAND et al., 2001). 

There is an association between a relatively larger
genome size (28,200 Mb) of Pinus gerardiana with tem-
perate and xeric habitat, as compared to pines from
tropical habitats, for example Pinus caribaea (19,200
Mb) (OHRI and KHOSHOO, 1986). Recent estimates of
genome size in pines by GROTKOPP et al. (2004), however,
give much higher values for these pine species (Pinus
gerardiana 37,000 Mb and Pinus caribaea 24,300 Mb,

see Table 1), but the overall genome size ratio remains
the same. In conifers, the large genome size tends to cor-
relate with increase in the nuclear volume (BURLEY,
1965; MERGEN and THIELGES, 1967). In the interspecific
genome size comparisons in conifers, species with small-
er nuclear volume and DNA content seem to display
greater geographical distribution than species with larg-
er volumes and nuclear DNA amounts (NEWTON et al.,
1999). 

Association between genome size and several other
growth traits and ecological factors have also been
observed in a number of pine species (WAKAMIYA et al.,
1993; JOYNER et al., 2001) According to a recent large
genome constraint hypothesis (KNIGHT et al., 2005), the
ecological and evolutionary constraints may affect the
phenotype and physiological processes of large genome
species and confer a selective disadvantage by restrict-
ing distribution. How the environmental stresses shape
the genome size in the populations of a species is not
well understood. One possibility is that that the vari-
ability in the genome size may be caused by the modu-
lated of retrotransposons, discussed in a later section. 

Mechanisms of Genome Size Expansion 
and Contraction

Genome size can expand by several mechanisms.
These include: 1) whole genome duplication (polyploidy),
2) gene duplication, 3) modulation of repetitive DNA
sequences, and 4) increase in intron size. On the other
hand, reduction in genome size may occur by illegiti-
mate recombination and deletion of genetic material,
mostly non-coding DNA (WENDEL, 2000; PETROV, 2001;
BENNETZEN, 2002; BENNETZEN et al., 2005). Here we shall
focus on the genome expansion mechanisms for an
understanding of genome size evolution in conifers. 

1. Whole Genome Duplication (Polyploidy)

Polyploidy occurs both in plants and animals. It occurs
at a relatively high frequency in plants as compared to
animals. Polyploidy has been reported in animals that
reproduce by parthenogenetic means, for example
insects and amphibians, but occurs rarely in sexually
reproducing animals, such as mammals (OTTO and
WHITTON, 2000). But polyploidy provided a rapid means
for the evolution of new genes and speciation during the
early evolution of both animals and plants, and still con-
tinues to be an important mechanism for speciation of
plants (WENDEL, 2000; RAMSEY and SCHEMSKE, 2002;
SOLTIS et al., 2003b; BLANC and WOLFE, 2004). 

Polyploidy and evolution of species

The role of polyploidy as a mechanism for the evolu-
tion of eukaryotes has attracted a lot of attention during
the past several decades (STEBBINS, 1950; WENDEL, 2000;
SOLTIS et al., 2003b). OHNO (1970) in his seminal classic
“Evolution by Gene Duplication”, proposed that it is
much easier to create new genes by duplication than to
produce them de novo, and that genome duplication via
polyploidy was a quicker way to generate a vast number
of duplicate genes. OHNO postulated that two or possibly
three rounds of polyploidizations, later dubbed as 2R
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hypothesis (HUGHES, 1999), occurred during the early
vertebrate evolution. Comparative genomic (map-based)
and phylogenetic (tree-based) studies have suggested
that a number of animals and plants are paleopolyploids
or ancient polyploids (WOLFE, 2001; BLANC and WOLFE,
2004). These paleopolyploids include humans (GIBSON

and SPRING, 2000; MCLYSAGHT et al., 2002), fishes (VAN

DE PEER et al., 2003), maize (GAUT and DOEBLEY, 1997),
rice (PATERSON et al., 2004; although VANDERPOELE et al.,
2003 have presented evidence to suggest that rice and
other cereals are ancient aneuploids), Arabidopsis (The
Arabidopsis Genome Initiative, 2000), yeast (WOLFE,
2001), tomato, cotton, and soybean, (BLANC and WOLFE,
2004), that later diploidized by sequence divergence
between duplicated chromosomes (WOLFE, 2001). These
species have probably undergone ancient rounds of chro-
mosome doubling followed by sequence divergence
between duplicated chromosomes and deletions leading
to gene loss. Further reduction or increase in genome
size in these organisms may have occurred during the
course of evolution by the interplay between the non-
coding repetitive DNA and coding sequences. The 2R
hypothesis has generated a lot of interest and debate
during the last decade regarding the role of polyploidy
and re-establishment of diploidy in eukaryotes (MARTIN,
1999; HOLLAND, 1999; GIBSON and SPRING, 2000; WOLFE,
2001; MCLYSAGHT et al., 2002; PRINCE and PICKETT,
2002). There are questions whether one round (1R) or
two rounds (2R) of polyploidizations occurred, or
whether large-scale segmental duplications could
account for the evolution of animals and plants (SKRA-
BANEK and WOLFE, 1998; HUGHES, 1999; WOLFE, 2001;
SANKOFF, 2001; MARTIN, 2001; MAKALOWSKI, 2001;
ZHANG, 2003; VANDERPOELE et al., 2003).

Polyploidy in conifers

Polyploidy, that is presence of more than two genomes
per nucleus, is widespread in plants. Recent estimates
suggest that 50 to 80% of all angiosperms are polyploids
(MASTERSON, 1994; OTTO and WHITTON, 2000). Many
angiosperms may have experienced one or more
episodes of polyploidization during their evolution
(SOLTIS and SOLTIS, 1999; WENDELL, 2000). In the pteri-
dophytes the incidence of polyploidy may be close to
95% (GRANT, 1981). Although polyploidy is relatively
common in the angiosperm trees, it is rather infrequent
among gymnosperms (KHOSHOO, 1959; WRIGHT, 1976;
AHUJA, 2001, 2005). The frequency of polyploidy may be
close to 5% in the gymnosperms and about 1.5% in the
conifers (KHOSHOO, 1959). 

There are only a few naturally occurring polyploids
among conifers (KHOSHOO, 1959; DELEVORYAS, 1980;
AHUJA, 2005). These include: two tetraploids Fitzroya
cupressoides (2n = 4x = 44) (HAIR, 1968), and Juniperus
chinensis ‘Pfitzeriana’ (2n = 4x = 44) (SAX and SAX, 1933),
and a hexaploid Sequoia sempervirens (2n = 6x = 66)
(STEBBINS, 1948; SAYLOR and SIMONS, 1970; SCHLARBAUM

and TSUCHIYA, 1984). Interestingly, all three genera
belong to the family Cupressaceae, but show different
types of polyploidy: Fitzroya is very likely an autote-
traploid (PREMOLI et al., 2000), Juniperus is an allote-
traploid (DE LUC et al., 1999), and Sequoia remains an

enigmatic hexaploid (either an autoallohexaploid, or a
segmental allohexaploid, or a partially diploidized auto-
hexaploid (STEBBINS, 1948; AHUJA and NEALE, 2002;
AHUJA, 2005). Polyploidy is conspicuously absent in
other families of conifers, including well-studied pines.

Are pines ancient polyploids?

Nearly all the genera in the family Pinaceae (for
example, Pinus, Picea, and Larix) are diploid (2n = 24;
exception Pseudotsuga menziesii also a diploid, but with
2n = 26). The karyotype of Pinus species has been stud-
ied more extensively than other genera of conifers
(SAYLOR, 1972, 1983; PEDERICK, 1970; HIZUME et al.,
2002). Cytogenetic studies have not detected polyploidy
in pines (KHOSHOO, 1961; MIROV, 1967). However, based
on similar Giemsa bands on different chromosomes in
the pine genome (Pinus resinosa), DREWRY (1988) sug-
gested that hidden polyploidy has played a role in the
evolution of the pine genome. But superficial homology
of Giemsa bands on different chromosomes may not nec-
essarily be indicative of ancient polyploidy, without the
genomic sequence analysis. The question is how have
pines achieved such large chromosomes and genome size
during their evolution?

Is it possible that ancient polyploidy has played a role
in the evolution of pines and other gymnosperms? In
view of high incidence of polyploidy in angiosperms, it
has been suggested that many if not all plant species
have had at least one polyploid ancestor at some point
during their evolution (WENDEL, 2000; BLANC and
WOLFE, 2004). Are pines and other conifers exception to
this rule? 

The origin of the genus Pinus is thought to be in early
to middle Mesozoic (MILLAR, 1998). Fossil record sug-
gests that ancient species of Pseudoaraucaria and
Pityostrobus, closely related to pines, may have provided
the ancestral gene pool of pines (MILLAR, 1998).
Although the genome size in prehistoric Pseudoarau-
caria is not known, arbitrarily we have assumed that
the genome size in Pseudoaraucaria and Pityostrobus
may be ~10,000 Mb to present three different models for
the origin of pines from their putative ancestors (models
based on higher or lower genome sizes of the ancestral
genomes can also be constructed). Is it possible that the
pines are ancient polyploids derived by either: 1)
hybridization between some ancient species of Pseudoa-
raucaria-like, Pityostrobus-like, or another ancient
conifer, followed by one round (1R) of polyploidization
and subsequent diploidization, or 2) one round of
autopolyploidization (1R) in a putative pine ancestor,
followed by diploidization, or 3) large segmental duplica-
tions in a putative pine ancestor, leading to enlargement
of genome size, followed by sequence divergence? Of the
three different hypothetical scenarios presented, two are
based on the assumption that ancient polyploidy may
have played a role in the pine evolution. While the third
scenario does not involve polyploidy per se, instead it
invokes large-scale segmental duplications (both gene
and chromosomal segments) for the evolution of the pine
genome (AHUJA, 2005). Studies in genomic research in
pines would be necessary to discriminate between these
postulates. 
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Even though there are a number of plant species that
are now considered paleopolyploids (WOLFE, 2001;
BLANC and WOLFE, 2004), sometimes, it is rather diffi-
cult to detect paleopolyploidy because: 1) time erases the
traces of duplication, 2) majority (70–90%) of duplicated
genes formed during the millions of years of polyploid
evolution may return to single copy state, thus reestab-
lishing disomic segregation, for example, as in Ara-
bidopsis and yeast, and 3) chromosomal rearrangements
relocate duplicate segments around the genome, which
further scramble the intragenomic synteny (OTTO and
WHITTON, 2000; BLANC and WOLFE, 2004). The current
consensus map of loblolly pine, Pinus taeda, has not pro-
vided convincing evidence for the presence of duplicated
syntenic regions (SEWELL et al., 1999) to support ancient
polyploidy in pines. Nevertheless, comparative genomic
studies in pines along with other plant species would be
necessary to resolve the issue of paleopolyploidy in pines
and other conifers.

Although polyploidy is generally accompanied by an
increase in genome size, this is not always the case. In
some polyploidy is accompanied by the additive sum of
the parental species (for example, Nicotiana,
Gossypium, Triticum), while in others (for example,
Betula, Brassica, Ranunculus) there was a reduction in
genome size relative to the parental contribution
(LEITCH and BENNETT, 2004). In other words, polyploidy
is accompanied by downsizing of the genome size in
some plants. Therefore, polyploidy must be considered
in conjunction with other genomic components for evalu-
ating evolution of genome size in plants. 

2. Gene Duplication

Another mechanism of genome expansion involves
gene duplications. Many genes exist in two or multiple
copies. There are a number of different mechanisms by
which gene duplications can arise. These include, in
addition to chromosome and genome duplication dis-
cussed above, tandem duplications, unequal crossing
over, gene conversion, duplication of chromosome seg-
ments. Duplicate genes provide the raw genetic material
on which mutations and natural selection could operate
for the evolution of novel gene functions and associated
phenotypes. Accumulation of duplicate genes (mostly
nonfunctional) in tandem or dispersed arrays may
account for the genome size variation.

Divergence and maintenance of gene function

Regardless their origin, duplicate genes may have at
least three different kinds of evolutionary fates: 1) non-
functionalization, 2) neo-functionalization, and 3) sub-
functionalization (HALDANE, 1933; FISHER, 1935; FORCE

et al., 1999; WALSH, 2003)). Since deleterious mutations
occur much more frequently than the beneficial ones,
the fate of the duplicated gene, in a process of non-func-
tionalization, results in the loss of function of the gene
leading to a pseudogene or deletion due to chromosome
rearrangements, or gene silencing. However, less fre-
quently, in neo-functionalization, one of the pair of
duplicate genes may acquire a new function due to a
beneficial mutation. 

According to sub-functionalization, the duplicate
copies of an ancestral gene acquire complimentary func-
tion due to mutations in independent sub-functions, so
that both partially defective genes produce the full func-
tion of the ancestral gene, but in somewhat different
way. Recent studies, based on the available genomic
databases in a number of eukaryotic species (animals,
plants and yeast), have shown that a surprisingly large
number of duplicate genes are present in the sequenced
genomes, indicating evolutionary conservation of genes
through global DNA duplication events (LYNCH and
CONERY, 2000; PRINCE and PICKETT, 2002; ZHANG, 2003).
The duplicate genes apparently arise at a very high
rate, an average 0.01 per gene per million years (LYNCH

and CONERY, 2000; LYNCH, 2002). 

Duplicate genes (Table 2) identified by fairly selective
criteria account for approximately 38% of the genes in
humans, Homo sapiens, 30% for yeast, Saccharomyces
cerevisiae, 65% for Arabidopsis, 41% for fruit fly,
Drosophila, and 49% for nematode, Caenorhabditis ele-
gans (RUBIN et al., 2000; ZHANG, 2003), and 35% for
maize, Zea mays, (GAUT, 2001). 

Gene duplication and multigene families

Although precise estimates of gene duplications are
lacking in conifers, a large number of multigene families
have been detected in the loblolly pine, Pinus taeda,
(DEVEY et al., 1994) and other conifer species, including
several Pinus species, Douglas fir (Pseudotsuga men-
ziesii), Norway spruce (Picea abies), and coast redwood
(Sequoia sempervirens) by Southern hybridization to
pine cDNA probes (AHUJA et al., 1994). The multigene
families may be genetically linked, or dispersed in the
genome. Southern hybridization patterns using cDNAs
have revealed complex band patterns suggesting that
the large conifer genome contains relatively larger gene
families and/or larger genes (AHUJA et al., 1994; KINLAW

and NEALE, 1997) as compared to other angiosperms
with smaller genomes, including those of rice (CAUSEE et
al., 1994) and maize (SHEN et al., 1994). One of the best-
characterized gene families in plants, the alcohol dehy-
drogenase (Adh) gene family, is larger in pines than in
angiosperms (KINLAW et al., 1990). Numerous duplica-
tions, as large as 217 bp, were detected within the non-
coding regions of Pinus banksiana Adh genes, and may
be common feature of the conifer genome (PERRY and
FURNIER, 1996). 

In general, the degree of multigene family complexity
seems to be correlated with the plant genome size. For
example, plant with smallest and simplest genomes,
such as Arabidopsis, rice, and tomato (BENNETT et al.,
2003), not only have least amounts of repetitive DNA
sequences, but also most proteins in these plant species
are encoded by relatively simple gene families (The Ara-
bidopsis Genome Initiative, 2000). As compared to a
paleopolyploid-derived genome of maize (SHEN et al.,
1994), the pine genome appears to have relatively more
complex multigene families than simple gene families
(KINLAW and NEALE, 1997). The multigene families are
not only confined in pines, but have also been observed
in a wide range of conifer genome (AHUJA et al., 1994).
The multigene families may consist of functional gene
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families, along with a large array of pseudogenes
(KVARNHEDEN et al., 1998; GILL et al., 2003; BALAKIREV

and AYALA, 2003), and some of these sequences may be
subject to gene silencing, loss or deletion from the
genome. The multigene families in pines are not always
genetically linked, but may also be dispersed in the
genome. In spite of the dispersed nature of multigene
families, it is paradoxical that the gene order of such
gene families seems to be preserved in the pine genome.
It is, however, possible that some of these duplicate
genes have diverged from the original gene during the
course of evolution and are highly conserved, and there-
fore may show a divergent gene order (BROWN et al.,
2001; NEALE and KRUTOVSKY, 2004; KRUTOVSKY et al.,
2004). 

3. Modulation of Repetitive DNA Sequences

Earlier studies by MIKSCHE and HOTTA (1973) showed
that some conifers (Pinus resinosa, Pinus banksiana,
and Picea glauca) contained a relatively large propor-
tion of repetitive DNA. Subsequent studies have shown
that about 75% of the conifer (Picea glauca and Pinus
strobus) genome consists of repetitive DNA sequences
and 20–30% of the DNA contained “unique”, that is sin-
gle copy, sequences (RAKE et al., 1980; KRIEBEL, 1985).
The high proportion (20–30%) of unique DNA sequences
in the large conifer genome, according to THOMPSON and
MURRAY (1981), that behave as single-copy DNA under
generally used kinetic conditions are actually repeated
DNA sequences that have become highly diverged in the
course of evolution. These unique DNA sequences proba-
bly consist of ancient diverged repeated DNA sequences,
which probably originated from retroelements (KRIEBEL,
1993; ELSIK and WILLIAMS, 2000). However, these earlier
studies did not discriminate between different classes of
repetitive DNA sequences. 

The repetitive DNA sequences may be broadly classi-
fied into randomly and dispersed repeated sequences.
There are several classes of tandemly repetitive DNA,
which include telemeric, subtelomeric, and centromeric
repeats, satellite DNA, and ribosomal RNA genes
(rDNA) (FLAVELL, 1986). Here we shall focus on the role
of rDNA genes and the dispersed repeated sequences,
the transposable elements, in the evolution of genome
size in conifers.

Ribosomal DNA genes and genome size 

Ribosomal RNA genes belong to a multigene family
that arose by gene duplication and recombination (OHTA,
1990). The number of rDNA repeat units varied from
500 to 40,000 copies per genome in plants (LONG and
DAWID, 1980; ROGERS and BENDICH, 1987). The tran-
scribed region of the repeat unit consists of 18s-5.8s-26s
rDNA that is highly conserved, while the intergenic
spacer is highly variable in sequence and length
(FLAVELL, 1986). The overall length of the rDNA repeat
unit varies from 6-14 kb in angiosperms. The length
variation in the rDNA repeat is due to different amounts
of intergenic DNA, which separates the adjacent tran-
scription units in the tandem arrays. Ribosomal DNA
repeat units are considerably longer in conifers. In
loblolly pine, Pinus taeda, rDNA repeat unit seems to be

20-24 kb long, of which 20 kb are estimated to be the
spacer region (SEDEROFF et al., 1987). The length of the
entire rDNA repeat unit is close to 27 kb in Pinus radia-
ta (CULLIS et al., 1988), and Pinus sylvestris (KARVONEN

et al., 1993), and between 32 and 40 kb in Picea rubens
and Picea mariana (BOBOLA et al., 1992), which is more
than twice as long as in most angiosperms rDNA genes.
The copy number of the rDNA repeat units varies within
a species depending on the environmental conditions:
ranging from 355 to 7356, and approximately 12-fold
variation among individuals within a populations in
Pinus rigida (GOVINDRAJU and CULLIS, 1982) 770 to 3850
in Picea rubens and Picea mariana, showing 3 to 6-fold
within the populations of the two species (BOBOLA et al.,
1992). The number of rDNA copies is lower among popu-
lations of Pinus rigida subjected to stress (GOVINDRAJU

and CULLIS, 1982). 

Although rDNA copy number is affected by environ-
mental stress factors, there seems to be an association
between rDNA copy number and genome size. A recent
study based on 162 species of eukaryotes, including 68
species of plants and 94 species of animals have provid-
ed the first convincing evidence for a positive relation-
ship between the rDNA copy number and genome size in
eukaryotes (PROKOPOWICH et al., 2003). Since the protein
coding genes remain more or less constant in the
genome, they are unlikely to affect the genome size per
se. The rDNA genes are also coding genes. Therefore, in
terms of genome size increase/decrease, the rDNA genes
play a role in the genome size as repetitive elements
rather than coding genes (PROKOPOWICH et al., 2003).
However, the mechanism for the rDNA-mediated varia-
tion in genome size still remains unclear. 

Another class of tandem repeats, the microsatellites or
simple sequence repeats, are an abundant class of
repeats in conifers. In particular GA and CA motifs are
highly amplified and are major components of the
conifer genome (SMITH and DEVEY, 1994; ECHT and MAY-
MARQUADT, 1997; SCHMIDT et al., 2000; ELSIK and
WILLIAMS, 2001). In addition, a 142 bp tandem repeat
DNA sequence (~20,000 copies in the genome) has been
identified in a number of Picea species, but not in other
members of Pinaceae (Pinus radiata, Pseudotsuga men-
ziesii, and Thuja plicata) (BROWN et al., 1998). It seems
there is tendency to accumulate abundant simple
sequence repeats motifs in larger genomes (HANCOCK,
2002), including conifers. 

Transposable elements

The second major group of repetitive DNA elements
consist of dispersed repeats, which are relatively more
abundant than the tandemly repeated DNA sequences
in the genome. The transposable elements (TEs) are
divided into two classes according to the mechanism of
transposition: Class 1 TEs have an RNA intermediary
for transposition, while Class 2 TEs use DNA-mediated
mode of transposition (FINNEGAN, 1989; FESCHOTTE et al.,
2002). Retrotransposons (Class 1) are ubiquitous in
plants and play an important role in gene and genome
evolution. The retrotransposons are members of a larger
group of Retroid agents, which also include retroviruses
(MCCLURE, 1999). The retroelements exhibit a large
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variation in copy number in the genomes of eukaryotes
(KIDWELL, 2002). 

Retrotransposons

There are two subclasses of retrotransposons in the
genome of eukaryotes: with long terminal repeats
(LTRs), and others that lack terminal repeats (non-
LTRs). There are two distinct groups of LTR retro-
trasposons: the Ty1-copia and Ty3-gypsy, which are
widely distributed in plants and animals, and do not
encode any known proteins. The non-LTR retrotrans-
posons include long interspersed nuclear elements
(LINEs), short interspersed nuclear elements (SINEs),
and miniature inverted repeat transposable elements
(MITEs) (KUMAR and BENNETZEN, 1999; FESCHOTTE et
al., 2002; KIDWELL, 2002). The retrotransposons content
of the genome varies among eukaryotes (Table 2). It
seems that there has been explosion of retrotransposon
activity in the genomes of maize (~60%) (SANMIGUEL et
al., 1998) and barley during the last several million
years (~55%) (KUMAR and BENNETZEN, 1999; VICIENT et
al., 1999). It appears that in the several genera of the
grass family, Gramineae (Poaceae), retrotransposons
might have contributed to genome size obesity during
their evolution (BENNETZEN and KELLOGG, 1997).
Whether the same phenomenon has occurred in other
higher organisms remains unclear at the present time.
Nevertheless, it appears that in organisms with large
genome size (>500 Mb), the contribution of transposable
elements to genome size variation, relative to other
sources of variation, is greater than organisms with rel-
atively smaller genome size (500 Mb) (KIDWELL, 2002). 

Retrotrasposons in conifer genome evolution

Retrotransposons have been isolated and character-
ized in several genera of conifers. The Ty1-copia like
retrotransposons have been detected in several conifers,
including Pinus coulteri, Picea glauca, Metasequoia
glyptostroboides, Cedrus deodara, and Taxus baccata
(VOYTAS et al., 1992). Subsequently, retoelements of both
groups Ty1-copia and Ty3-gypsy have been characterized
in conifers. A Ty1-copia-like sequence called TPE1,
about 4.8 kb long, has been isolated from Pinus elliottii
(KAMM et al., 1996). Genomic analysis revealed that
TPE1 carries partial reverse transcriptase and integrase
gene sequences, and is highly amplified in Pinus elliot-
tii. This retrotransposon was also detected in a number
of other Pinus species (including P. strobus, P. resinosa,
P. banksiana, and P. palustris), and Picea abies and
P. glauca. The TPE1 seems to be inactive as no tran-
scription of this retroelement was detected in the
conifers tested (KAMM et al., 1996). 

A Ty3-gypsy-like retrotransposon, called IFG (named
after Institute of Forest Genetics) has been isolated in
Pinus radiata (KOSSACK and KINLAW, 1999). The retro-
element IFG7 has also been detected in a number of
Pinus species. IFG7 is about 6 kb long, and there are at
least 10,000 copies of this retrotransposon in the
genome of Pinus (0.5% of the genome). Although, IFG7
is not transcriptionally active in pines, it appears to
have an extensive history in pines. IFG7 has not been
detected in the families Cupressaceae and Taxodoaceae

(KOSSACK and KINLAW, 1999). Subsequently, both Ty1-
copia-type and Ty3-gypsy-type retrotransposons have
been identified in spruce, Picea glauca and Picea mari-
ana (L’HOMME et al., 2000). These LTR retrotransposons
are around 5-10 kb long, and comprise about 10% of the
spruce genome. Both types of retroelements are inactive
in the spruce genome.

Retrotransposon amplification has led to doubling of
maize genome during the past 6 million years, and
account for more than 60% of the maize genome (SAN-
MIGUEL et al., 1996, 1998). Although retrotransposons
have been reported in pines and spruces, their share of
the genome size has not been fully investigated. In
spruces two types of retrotransposons (Ty1-copia type
and Ty3-gypsy type) represent ~10% of the genome
(L’HOMME et al., 2000), which is close to all the retroele-
ments that are present in a small genome of Arabidopsis
(Table 2). Ty1-copia-like sequences are uniformly dis-
persed on all 12-chromosome pairs, and are highly
amplified within the genome of Pinus elliottii, and sev-
eral other pines and spruces analyzed (KAMM et al.,
1996). On the other hand, the IFG (Ty3-gypsy type)
retrotransposons represent only 0.5% of the pine
genome (KOSSACK and KINLAW, 1999). This does not nec-
essarily represent the entire spectrum of TEs in the
conifer genome, as shown by recent studies that suggest
that divergent retrotransposon families have con-
tributed to the expansion of pine genome (ELSIK and
WILLIAMS, 2000; FRIESEN et al., 2001; STUART-ROGERS

and FLAVELL, 2001; MURRAY et al., 2002). But to what
extent is not known at the present time. 

Variation in genome size within the populations of a
species under different environmental conditions may be
associated, among other things, with retrotransposon

Table 2. – Genome size, coding and duplicate genes, and trans-
posable elements (TE) in  some eukaryotes.

* Only a fraction of retroelements detected so far. More recent
studies (STUART-ROGERS and FLAVELL, 2001; FRIESEN et al.,
2001) indicate that retroelements are a major component of the
conifer genome. But the total proportion of such retoelements
in the conifer genome is still unknown.
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activity (WENDEL and WESSLER, 2000). In natural popu-
lations of wild barley, Hordeum spontaneum, BARE-1
long terminal repeat (LTR) retrotransposon, abundant
in the barley genome, displayed nearly three-fold varia-
tion in copy number at intraspecific level in different
habitats (KALENDAR et al., 2000). The genome size was
relatively larger in the wild barley populations’ resident
of higher and drier slopes, suggesting a possible connec-
tion between adaptive genetic evolution and variation in
genome size. Whether such variation in conifers is also
caused by a burst of retrotransposon activity remains to
be investigated.

4. Increase in Intron Size 

In recent years it has been suggested that there is an
association between genome size and intron size in a
broad range of eukaryotes (DEUTSCH and LONG, 1999;
VINOGRADOV, 1999). For example, comparisons of 199
introns in 22 orthologous genes in puffer fish (Fugus
rubripes) and humans showed that intron size was on
average eight times smaller in pufferfish than humans,
consistent with the ratio of their genome sizes
(400/3,000 Mb) (MCLYSAGHT et al., 2000). A similar corre-
lation, based on 115 orthologous genes, was also
observed in Drosophila species: D. virilis with a genome
size of 350 Mb had introns significantly larger (~394 bp)
as compared to D. melanogaster (~283 bp), which has a
genome size of 175 Mb (MORIYAMA et al., 1998). Among
the 10 animal genera studied, humans had the longest
intron size (3,400 bp) showing a general but weak rela-
tionship between intron size and genome size (DEUTSCH

and LONG, 1999). However, recent studies by WENDEL et
al. (2002) did not find an association between intron size
and genome size in different species of Gossypium and
other plant species. For example, intron size/genome
size in several plant species is as follows: cotton (150
bp/1,960 Mb) (WENDEL et al., 2002), Arabidopsis
(168/157 Mb) (The Arabidopsis Genome Inistiative,
2000), rice (356/430 Mb) (YU et al., 2000), pine
(350/20,000) (NEALE, unpublished), and human
(3,400/3,000Mb) (International Human Genome
Sequencing Cosortium, 2001). Therefore, intron-genome
size relationship seems week in the plant taxa.

Concluding Statement

Why do conifers have such large genome sizes? Does
the large genome size have any relationship to long life
span or functional genomics in conifers? Does the large
genome in conifers provide a reservoir of adequate
genetic material for responding to adverse changes in
environment during their long life cycles, in some cases
extending to more than 2,000 to 4,000 years (Sequoia
sempervirens, Fitzroya cupressoides, and Pinus
longaeva)? We do not know satisfactory answers to these
questions. At the present time, we can only partially
account for the acquisition of large genome size in
conifers. It would appear that the large conifer genome
may predominantly consists of non-coding repetitive
DNA, particularly due to retrotransposon amplification,
and the presence of a larger rDNA repeat units, large
number of multigene families, larger nuclear volume,

and perhaps larger genes, and abundant pseudogenes.
The genome size in conifers has undergone both increas-
es and decreases during its evolution to account for the
variation in genome size in different genera, families
and species. In the final analysis increase or decrease in
genome size would be determined by the global action of
mutations, environmental stresses, and natural selec-
tion acting on individual, but more likely on several
genomic components simultaneously, during the genome
size evolution of conifers. Whether ancient polyploidy
has tinkered with the genome size in conifers remains
enigmatic? But future research in molecular biology and
chromosome painting may shed light on this important
question. 
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