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Abstract In higher plant genomes, most sequences are unexpression sequence, the proportion of a genome that encodes for genes
may be very small. Understanding gene distribution in the genome is a very important aspect for investigating the genome structure.
Funded by the U.S. Department of Energy, a clonal Populus trichocarpa genome sequencing has been completed and released to the
public The accomplishment of poplar genome offers us a unique opportunity to survey the gene distribution in the genome of a forest
tree. In this paper, based on Poisson calculator, we investigated the gene density of various chromosomes in poplar genome. As a
result, we found that gene density is significantly different among chromosomes in poplar genome. Modern poplar genome arose
from an ancient whole genome duplication event, known as “salicoid duplication”. Thus poplar genome shared large duplication
segments among different chromosome members. However, our results demonstrated that gene abundance pattern was different from
the chromosomal duplication pattern of poplar genome. This implied the duplicated genes lost at different rates on the duplicated
chromosomes following the salicoid duplication. Meanwhile, based on alignment with about 90 thousands ESTs, we found that only
16.8% of the predicted gene models in poplar genome had EST proofs. Although, EST sequencing is an attractive alternative to
whole genome sequencing for gene identification, the power of small scale EST sequencing study should be properly evaluated since
with limited number of EST sequences, genes captured by ESTs are fairly limited.
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Background

Forests are the principal representatives of the
terrestrial  ecosystem and provide important
sustainable resources for humankind (Li and Yin,
2007). Although forests only cover about 30% of the
earth’s land surface, they allocated over 80% of CO2
from the atmosphere through green vegetations. Thus,
increasing forest productivity is also an essential
approach to reduce the greenhouse gas. However, our
understanding for forest trees is limited in comparison
with that for many other organisms, and better
understanding of the genetic mechanisms influencing
tree adaptation and productivity is important for the
management of the world’s forest resources
(Caetano-Anollés and Gresshoff, 1997). The genus
Populus possesses many characteristics that are
conductive to functional genomics, which leads the
emergency of poplar as the model system for tree
genome research (Wullschleger et al., 2002). Under

the efforts of numerous scientists worldwide, the
genome of a black cottonwood (Populus trichocarpa
Torr. & Gray ex Brayshaw), “clone 383-2499”, has
been sequenced and publicly released (Tuskan et al.,
2006). It is the first sequence of a woody perennial
plant.

In recent decades, sequencing capacity available to
biological scientist increases in an exponential
manner. Several plant genomes have been sequenced
(Lyons and Freeling, 2008). However, whole genome
sequences for most plant species are still unavailable
in the near future, especially for tree species. The
genome sequence of poplar offers us a unique
opportunity to learn the genome characteristics of a
tree species. In the earlier studies, scientists have
discovered many interesting findings, for example,
the poplar genome project revealed that the
chromosomes of modern Populus arose from an
ancient whole-genome duplication event known as
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“salicoid  duplication”, and the 19 haploid
chromosomes in poplar genome might evolve from
10 ancestral chromosomes (Tuskan et al., 2006).
Meanwhile, the comparative mapping project
demonstrated that the genomes of different poplar
species maintained the basic genome structure formed
by the salicoid duplication event (Yin et al., 2008).
Compare to these findings, gene distribution is also an
important aspect to explore the characteristics of
poplar genome. Relating to this point, there was only
a short descriptive paragraph in the poplar genome
paper, but no statistical analyses were conducted in
that article (Tuskan et al., 2006). In this paper, the
Poisson calculator is employed to survey gene density
on different chromosomes of poplar genome. In this
study, we especially address on two interesting
questions: first, do the duplicated chromosomes have
the similar gene density? Second, how many percent
of genes in poplar genome can be captured by a
moderate scale EST sequencing project?

1 Results

1.1 Compare gene densities between chromo-
somes that share large duplicated segments

Based on the Poisson calculator, genes were found to

occur at different frequency on different chromosome
members. Six chromosomes, including chromosome
I, VI, Vi, IX, X, and XV, were found to be
overabundant with genes; eight of them, including
chromosome 1, IV, XI, XII, XII, XVII, XVIII, and
XIX, were sparse with genes; only four chromosomes,
including chromosome III, V, XIV, and XVI, had
gene quantities that didn’t significantly apart from the
expected numbers (table 1). Therefore, chromosomes
can be classified into three classes based on the gene
density: chromosomes with more genes than the
expected numbers; chromosomes with genes quantity
that do not significantly apart from the expected
numbers; chromosomes with less genes than the
expected numbers.

Visual plotting of gene distribution within each
chromosome and homology among chromosome

members of poplar genome were displayed in figure
1. From this figure, we found that genes distributed
relatively evenly within each chromosome. We
didn’t detect regions with low gene density that
might correspond to the centromeric and telomeric
regions. Since the current sequence scaffolds
mapped onto different chromosomes only account
86% of the total poplar genome and repetitive
sequences tend to be more difficult to be assembled
in the shotgun sequencing project, we proposed
these regions might embed in the sequence scaffolds
that hadn’t mapped onto chromosomes.

Referring to the poplar genome paper (Tuskan et al.,
2006), the 19 haploid chromosomes of poplar
genome were duplicated from 10 ancestral
chromosomes.  However, the pattern  of
chromosomes overabundant, even, or sparse with
genes is different from the chromosomal
homologous pattern as revealed by Tuskan and his
colleagues (Tuskan et al., 2006). We compare eight
pairs of chromosomes that share large duplication
segments (table 2) and find that only gene densities
on two pairs of the chromosomes are in the same
class, whereas gene densities on the other six
homologous pairs of chromosomes are in different
classes. For example, chromosome XII and XV are
in high homology, but their gene densities are in
opposite classes. Chromosome XIlI is overabundant
with genes. By contrast, chromosome XV is sparse
with genes.

1.2 Survey gene models captured by ESTs
Genome can be classified into intergenic and genic
regions. Genic region is consisted of 5’UTR, exons,
introns, and 3° UTR and the regulatory elements.
When a gene is transcribed into mature mRNA, its
introns were splice off. Gene sequences that can be
captured by EST sequencing would include the 5’
UTR, exons, and 3° UTR. In this study, we total
investigate 29 934 putative genes. The average
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Figure 1 Gene distribution and chromosomal homology of poplar genome

Note: The leftmost vertical bar is the ruler indicating the physical length of each chromosome that scale in kilo-base pairs; The
colored bars under the chromosome names demonstrate the homology among the poplar chromosomes, Segments with the same
color are duplicated segments; Whereas the vertical bars immediately left of the colored bars display the gene distribution on each
chromosome and the horizontal black bars on them show positions of genes; Homologous segments were referred from Tuskan et
al.’s paper (2006)

-23-



Genomics and Applied Biology, 2010, VVol.1 No.3
http://gab.sophiapublisher.com

Table 1 Distribution test of genes among chromosomes of Populus by Poisson calculator

ATGC Distribution  Significance
readings No.of  Expect No. test(p P(m, <4i)) O'  ATGC readings of  Genes with
Chromosome (bp) Gene of Gene value) P(m; > ij) transcripts (bp) EST Proof
LG_I 31073085 3168 3298 0.012 *— 3714 996 514
LG_II 23365393 2681 2480 0.000 x4 3169 289 476
LG_Il 17446680 1849 1852 0.482 2241785 312
LG_IV 15079815 1433 1600 0.000 Fk— 1624733 236
LG_V 16635682 1701 1766 0.063 1957 848 295
LG_VI 17657228 1966 1874 0.017 *+4 2402 959 326
LG_VII 11904284 1286 1263 0.257 1462 110 210
LG_VIII 15448287 1979 1640 0.000 Fxy 2 344 995 351
LG_IX 12408518 1627 1317 0.000 x4 1879011 318
LG_X 19213814 2337 2039 0.000 x4 2732426 480
LG_XI 13171956 1275 1398 0.000 Fok— 1465093 165
LG_XII 13024900 1274 1382 0.002 Fk— 1464 484 164
LG_XIII 11495653 1155 1220 0.032 *— 1 358 065 153
LG_XIV 13682591 1422 1452 0.219 1635 836 248
LG_XV 10190784 1208 1082 0.000 x4 1318 402 189
LG_XVI 12122487 1297 1287 0.378 1490 746 202
LG_XVII 5444010 454 578 0.000 Fk— 513 598 55
LG_XVIII 12437986 889 1320 0.000 Fk— 1385337 197
LG_XIX 10250695 933 1088 0.000 Fk— 1042 867 124
Genome wide 282053848 29934 29934 35204 580 5015

Note: * Significantat  =0.05; ** significantat  =0.01; “-” following the “*” indicates less than expected number at corresponding
significant level; “+” following the “*” indicates more abundant than expected number at corresponding significant level

Table 2 Comparison of gene densities on the chromosomes that share duplication segments

Chromosome Gene density Chromosome Gene density

1I More abundant than expected \% As expected

1I More abundant than expected XV As expected

v As expected VI As expected

I Sparser than expected I As expected

IX More abundant than expected Vil More abundant than expected
XI Sparser than expected XV More abundant than expected
XVII Sparser than expected XVIII More abundant than expected
VI More abundant than expected VI As expected

Note: The “expected” number of genes on the corresponding chromosome is listed in column 4 in table 1

length of these genes is 2 690 bp, and the median skewness to genes in short lengths. The minimum
length is 1 951 bp, indicating the significant length of gene is 149 bp, whereas the largest gene
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covers 34 109 bp. Further analysis revealed that, in
poplars, the average exon lengths of genes are 1 176
bp, coding 392 amino acids. From this analysis,
we conclude that, on average, exon sequences
account 43.7% of the gene sequences. The total
length of transcripts (sequences covered by mRNAS)
were found to only account 12.5% of the valid
AT,G,C readings of the assembled genome
sequences. There are about 90 thousand EST
sequences of P. trichocarpa deposite in GeneBank.
We summarize the gene models captured by these
ESTs and found that they only covered about 16.8%
of the total genes in poplar genome. The poor gene
coverage might relate to that EST sequences depend
a lot on the tissue library and normally contain
heavily redundant sequences (Susko and Roger,
2004; Wang et al., 2005).

2 Discussion
Most eukaryotic genomes have numerous duplicated

genes, many of which appear to have arisen from
one or more cycles of ancient polyploidy
(paleopolyploidy) (Adams and Wendel, 2005;
Adams et al., 2004; Blanc and Wolfe, 2004).
Following paleopolyploidy (genome doubling),
there is extensive loss of duplicated genes (Adams
and Wendel, 2005; Adams et al., 2004; Blanc and
Wolfe, 2004). Cytological studies revealed that
almost all Populus existed in the diploid form with a
haploid number of chromosomes equal to 19 (Smith,
1943). However, poplar genome sequencing project
revealed that the modern poplar genome arose from
an ancient whole genome duplication event, known
as “salicoid duplication”. Thus polar chromosomes
share high sequence homology (Tuskan et al., 2006).
However, the pattern of chromosomes overabundant,
even, or sparse with genes is different from the
homologous pattern among chromosomes as
revealed by the poplar genome sequencing project
(Tuskan et al., 2006). This suggests the loss of genes
occurs at different rate on chromosomes that share
large duplicated segments after the salicoid
duplication.

ESTs are generated by partially sequencing
randomly isolated gene transcripts that have been
converted into cDNA (Adams et al., 1991). EST
sequencing has played an important role in the
identification, discovery and characterization of
organisms as they provide an attractive and efficient
alternative to whole genome sequencing (Lijoi et al.,
2007). Concerted, high budget EST sequencing
projects have been carried out for many of the
economically and ecologically important plant
species. In high plants, the majority of their genome
sequences are consisted of noncoding sequences.
Gene sequences only account small parts of their
genomes. In poplar, the total transcript sequences
only account for 12.5% of the genome sequences.
Alignment analysis of the EST sequences from P.
trichocarpa deposited in GenBank revealed that over
100 thousand ESTs only cover 16.8% of the putative
gene models annotated in the poplar Vista browser.
In high organisms, such as mammalian and
Arabidopsis, even concerted, high-budget EST
sequencing can only get about 50%~60% of genes
(Pers. Comm.). Thus, genes captured by limited
number of ESTs are very incomplete. This is
because that, first, ESTs sequences are heavily
redundant; second, EST sequences are tissue type
dependent, in a particular tissue library, some genes
have high expression level and these genes would be
sequenced repetitively, but there are many other
genes with little chance to be sequenced. Although
EST sequencing is an attractive alternative to whole
genome sequencing for gene identification, the
power of small scale EST sequencing studies should
be properly evaluated since with limited effort and
budget, genes captured by ESTs are fairly limited.

In our analysis, we used gene models from the JGI
annotation database in Vista browser. These gene
models showed high conservation with the
Arabidopsis gene sets and are most likely “real”
genes. With percentage of unreliable annotations in
the current Jamboree models, we believe that it was
better to focus on conserved real genes. In our
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analysis we included nearly 30 000 gene models
(those that most likely real genes) which were from
the unambiguously mapped sequence scaffolds
along 19 chromosomes of poplar genome (about
86% of the total genome length). Although we
didn’t cover all of the genes and sequences of poplar
genome, the number of genes and genomic
sequences included in this study should be sufficient
to give us a general idea to answer the questions
addressed in this paper.

3 Materials and Methods

The genome sequence and gene information is
obtained  from  poplar  genome  browser
(http://shake.jgi-psf.org/cgi-in/searchGM?db=Poptrl
_1). Gene distribution among chromosome members
was evaluated by the observed number of genes
comparing with their expectations under the Poisson

distribution. The expected gene number 4 in

chromosome ! would be a sample from a Poisson

Ap=mL /Y L,

distribution, . where M s the

total number of genes detected within chromosome
i ; L is the length of A,T,C,G reading of

p(m; < 4)

chromosome | . The probabilities

p(m; > 4)

and were evaluated under the

cumulative Poisson distribution at & =0.05 and
@ =0.01 significant level. Visual plotting of gene
distribution on each chromosome is drawn by the
Mapchart software (Voorrips, 2002). Chromosome
homology was referred to that revealed by Tuskan et
al. (2006). P. trichocarpa EST seuquences were
from Genbank, and EST coverage was summarized
from the gene models predicated in the Vista
browser (http://genome.jgi-psf.org/Poptrl_1/Poptrl_
1.home.html).
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