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he availability of genomic sequences

provided new opportunities to deci-
pher how plant genomes evolve. One
recent discovery about plant genomes is
the abundance of Pack-MULEs, a spe-
cial group of transposable elements that
duplicate, amplify and recombine gene
fragments in many species at a very large
scale. Despite the widespread occurrence
of Pack-MULEs, their function remains
an enigma. Our analysis using maize,
rice and Arabidopsis genomic sequences
indicates that the acquisition of genic
sequences by Pack-MULEs is not ran-
dom. Pack-MULEs in grasses specifically
acquire and amplify GC-rich gene frag-
ments. The resulting GC-rich elements
have the ability to form independent
transcripts with negative GC gradient,
which refers to the decline of GC content
along the orientation of transcription of
genes. In other cases, Pack-MULEs insert
near the 5' region of “normal” genes, and
consequently form additional 5' exons or
replace the original 5' exon of genes. In
this manner, Pack-MULE:s raise the GC
content of the 5' termini of genes, mod-
ify the gene structure and contribute to
the increased number of genes with nega-
tive GC gradient in grasses. The possible
consequence of such activity is discussed.

GC Content and GC Gradient
of Genes

Living organisms vary dramatically in the
GC content of their genomes. The GC
content of currently sequenced genomes
of bacteria ranges from 17-75%.! In con-
trast, eukaryotic genomes vary less in their
GC content. Most eukaryotic genomes
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are relatively GC-poor and have less than
50% GC content.” Among higher plants,
the genomes of monocots are in general
more GC-rich than dicots: the average
GC content of dicot genomes is 35%), and
that of monocots is 44%.°

Intriguingly, the increased GC content
in monocots is not uniformly distributed
in the genome but instead, it largely pres-
ents as a negative GC gradient in genes,
which refers to the phenomenon whereby
the GC content declines along the direc-
tion of transcription.® This is illustrated
in Figure 1 where the entire transcripts of
genes are divided into 10 equal sized bins
from the 5' end to the 3' end. As shown
in Figure 1A, the average GC content of
Arabidopsis (a dicot) genes does not vary
markedly along the length of the gene,
with the exception of the most 3' end,
where the AT-rich transcription termina-
tion signal is located. Therefore, the GC
content of the most 3" end is lower than
that of the rest of the gene body. The
majority of rice (a monocot) genes, in
contrast, are associated with a GC-rich 5'
end (-60% GC); however, the GC con-
tent (-40%) of their 3" ends is comparable
to that of Arabidopsis genes (Fig. 1A).
Despite the prevalence of negative GC
gradient in monocot genomes, individual
genes demonstrate a dramatic difference
in GC gradient. In rice, over 1/3 of the
genes are not associated with a significant
GC gradient and 10% of the genes have
a significant positive GC gradient (the 3'
end is more GC-rich than the 5" end).
The difference among individual genes
implies that the mechanisms underly-
ing the formation of GC gradient do not
act equally on all genes. The divergence
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Figure 1. Variation in GC gradients of genes. (A) Comparison of genes in rice, human and Arabi-
dopsis. The numbers in parenthesis indicate the genomic average of GC content. (B) Comparison
of different types of transcripts in rice. All non-TE genes: all non-transposon genes; AutoMULEs:
putative autonomous Mutator-like transposable elements; all Tpases: all annotated transposase
genes, including both DNA transposons and retrotransposons. The human gene annotation was
downloaded from NCBI on April 1, 2011 (ftp:/ftp.ncbi.nih.gov/genomes/H_sapiens/RNA). The Ara-
bidopsis gene annotation information was from TAIR9 (www.arabidopsis.org). Gene annotation of
rice is based on MSU release 6.0 (http://rice.plantbiology.msu.edu/).

in GC gradient among different type of
genes is further supported by the fact that
transposase genes (including the putative
autonomous Mutator-like elements) in the
rice genome only display a minor negative
GC gradient (Fig. 1B). Thus, a significant
negative GC gradient is only limited to a
subset of genes.

The presence of GC gradient in
genes, however, is not specific to plant
genomes. For example, the GC content
of the human genome (41%) is slightly
lower than that of rice (43%) but higher
than that of Arabidopsis (36%), and it is
known that there are GC-rich islands in
the human genome.® Like the rice genes,
the human genes are associated with a
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significant negative GC gradient (Fig.
1A). Therefore, a negative GC gradient
seems to be prevalent in genomes with
local GC content variation.

The Impact of Pack-MULEs
on GC Gradient

Mutator elements comprise a superfam-
ily of DNA transposable elements, and
most of them are associated with long
Terminal Inverted Repeats (TIR). Pack-
MULEs refer to the non-autonomous
Muzator-like elements (MULEs) carrying
genes or gene fragments between the TIR
sequences. The genes where the internal
regions of Pack-MULE:s are derived from
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are referred to as parental genes. Gene
duplication by MULEs was first reported
more than 20 years ago when the Mul/
Mu2 element was found to contain part of
a gene called MRS-A.” However, the prev-
alence of Pack-MULEs was not revealed
until fairly recently when a large amount
of plant genomic sequences became avail-
able.® Unlike other gene duplication
processes, most Pack-MULE acquisition
events involve gene fragments, not entire
genes. Interestingly, the acquired/dupli-
cated fragments are not randomly located
in the parental genes; instead, the acquired
position is dependent on the GC gradient
of the genes—in most cases, the GC-rich
sequences are acquired. As a result, the
resulting Pack-MULE bears a GC-rich
internal sequence, and the GC content of
the internal region is much higher than
that of the TIR and the genomic average.’
One important feature of Mutator ele-
ments is the presence of promoters inside
the TIRs."! These promoters drive the
transcription of GC-rich sequences inside
the Pack-MULEs, and the relevant tran-
scripts often terminate in the other TIR
or in the flanking sequences, which are
usually GC-poor.’ For this reason, most
Pack-MULE associated transcripts are
more GC-rich and are associated with
a more dramatic negative GC gradient
than other genes or other transposon
transcripts in the genome (Fig. 1B). In
addition to the formation of indepen-
dent transcripts, the transcripts initial-
ized within Pack-MULEs often extend to
downstream genes to form chimeric tran-
scripts.’ In these transcripts, the internal
regions of Pack-MULE:s either serve as an
additional exon at the 5" end or replace the
original 5' end exon of the correspond-
ing downstream gene. In either case, the
chimeric transcript, which contains both
Pack-MULE and adjacent gene sequences,
often has a negative GC gradient because
of the GC-richness of the internal region
of Pack-MULEs. Two important factors
permit the formation of such chimeric
transcripts: (1) the ability for Pack MULE
TIR to initialize transcription (see above);
(2) the insertion preference for Pack-
MULE:s to land in regions flanking the
5' termini of genes,”""'* which provides
spatial convenience for the fusion of Pack-
MULE:s and their downstream genes.
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Through the formation of independent
transcripts and chimeric transcripts, it is
clear that Pack-MULEs may increase the
number of genes with negative GC gradi-
ents, or elevate the degree of the existing
negative GC gradient in genes of grasses.
This raises the question: if Pack-MULEs
have been as prevalent in Arabidopsis as
they have been in rice, would the influ-
ence of Pack-MULEs be powerful enough
to turn the Arabidopsis genes into the
rice genes in terms of GC gradients? The
analysis of Arabidopsis genome did not
result in a clear-cut answer because there
are few Pack-MULEs in Arabidopsis
and most of them appear to represent
ancient insertions.” The acquired regions
in Arabidopsis Pack-MULEs are only
slightly more GC-rich than the aver-
age gene sequences, while those in Pack-
MULE:s from rice and maize have a much
higher GC content than the rest of the
gene sequence.’” This may imply that the
impact of Pack-MULEs would only be
significant when a pre-existing GC gra-
dient or at least a significant variation in
GC content in genic regions is present in
the genome. In other words, Pack-MULEs
represent one of the positive feedback steps
in the formation of a negative GC gradi-
ent. This is likely because Pack-MULEs
preferentially duplicate (and amplify)
GC-rich  sequences
(parental genes) without creating de novo

from  templates

GC-rich sequences. Other genetic forces,

15,16 or

such as GC-biased gene conversion,
codon usage bias,” might be responsible
for creating the GC-rich templates for

Pack-MULE:s in grasses.

The Consequence of Biased
Acquisition and Insertion
of Pack-MULEs

In  plant genomes, protein-coding
sequences are in general more GC-rich
than non-coding sequences.’® If Pack-
MULEs specifically acquire GC-rich
sequences, this preference would maxi-
mize their opportunities to duplicate and
amplify coding sequences, which may pro-
vide new raw materials for the evolution
of novel coding genes. Given the fact that
turnover of TE sequences is rather rapid
in the genome, the presence of potentially
useful sequences inside these elements may
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increase the chance for Pack-MULE:s to be
retained in the genome. Due to the over-
representation of GC-rich sequence at the
5" end of genes in grasses, the acquisition
preference of Pack-MULEs results in an
excess of 5' gene region sequences inside
Pack-MULEs. In addition, Pack-MULEs
can serve as the 5' termini of genes, so it
is likely that the 5' ends of some “normal”
genes represent ancient Pack-MULEs. In
this case, the combination of the acqui-
sition bias with the insertion preference
of Pack-MULEs could form a recycling
mechanism of the 5 ends of genes and
enhance the negative GC gradient.

One apparent consequence of the
amplification of GC-rich sequences is
the elevation of the global GC content of
the genome. Nevertheless, given the fact
that Pack-MULE sequences in rice only
account for 1.6% of the genome,?’ such an
increase in GC content should be minor
in the short term but could be influential
in an evolutionary scale if a considerable
amount of Pack-MULE sequences are
retained in the genome. On the other hand,
the insertion of Pack-MULEs would likely
create an immediate shift on the local GC
content. This is especially important given
the fact that Pack-MULEs preferentially
insert in the 5' region of genes, which may
result in a series of genetic and epigenetic
alterations on the nearby genes.

The alteration of GC content is accom-
panied by a variety of physical properties
of the relevant DNA sequence. GC-rich
sequences tend to have reduced curva-
ture but increased bendability and ability
for B to Z transition of the DNA helix.?!
All of these features are considered to be
related to an open chromatin structure
and active transcription, which is consis-
tent with the fact that in general GC-rich
genes are more expressed than GC-poor
genes.”” Z-DNA forming sequences are
also known to induce double strand DNA
breaks, translocation and large scale dele-
tion in mammalian cells,” and therefore
are associated with genome instability.
In addition, recombination rate is often
positively correlated with GC content.*
Finally, GC-rich sequences contain more
CGand CHG (H = A, T or C) sites whose
methylation status is heritable.”® Thus,
Pack-MULEs may stabilize the epigenetic

regulation of genes in adjacent regions.
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In human and other higher eukary-
otes, there are several types of GC-rich
structural elements in proximity to the
transcription start sites (TSSs) of genes.
These include CpG islands, the nuclear
factor I (NFI) transcription factor bind-
ing sites, and regions with potential to
form Z-DNA (ZDRs).202® When differ-
ent genomes are compared, correlation
was not found between the organismal
complexity and GC or CpG content.?
Nevertheless, there is a significant enrich-
ment of GC and CpG islands adjacent to
the TSSs in genomes of higher organisms.
Likewise, the NFI binding sites and ZDRs
are enriched near the TSS of genes in
higher eukaryotes.? As a result, the emer-
gence of GC-rich transcriptional elements
close to the TSS appears to correlate with
organismal complexity, coordinate with
the evolution of the transcription com-
plex, and provide fine-tuned regulation of
gene expression.” From this point of view,
it is tempting to speculate that the abun-
dance of GC-rich Pack-MULEs around
the TSSs of genes in monocots may confer
regulatory advantages to their host organ-
isms over the dicots.
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