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Retroposition, as an important copy mechanism for generating new genes, was believed to play a negligible role in plants. As a
representative dicot, the genomic sequences of Populus (poplar; Populus trichocarpa) provide an opportunity to investigate this
issue. We identified 106 retrogenes and found the majority (89%) of them are associated with functional signatures in sequence
evolution, transcription, and (or) translation. Remarkably, examination of gene structures revealed extensive structural
renovation of these retrogenes: we identified 18 (17%) of them undergoing either chimerization to form new chimerical genes
and (or) intronization (transformation into intron sequences of previously exonic sequences) to generate new intron-containing
genes. Such a change might occur at a high speed, considering eight out of 18 such cases occurred recently after divergence
between Arabidopsis (Arabidopsis thaliana) and Populus. This pattern also exists in Arabidopsis, with 15 intronized retrogenes
occurring after the divergence between Arabidopsis and papaya (Carica papaya). Thus, the frequency of intronization in dicots
revealed its importance as a mechanism in the evolution of exon-intron structure. In addition, we also examined the potential
impact of the Populus nascent sex determination system on the chromosomal distribution of retrogenes and did not observe
any significant effects of the extremely young sex chromosomes.

Retroposition is a process in which mRNAs are
reverse transcribed and incorporated back into new
genomic positions (Brosius, 1991). A retrocopy usually
becomes a pseudogene due to the loss of its original
regulatory elements like promoters. However, by
chance, if the retrocopy fortunately recruits new reg-
ulatory elements, it might become a functional retro-
gene. Moreover, if the retrogene recruits some new
coding regions that do not exist in the parental gene, it
becomes a retroposed chimeric gene (Betrdn et al,
2002; Wang et al., 2002; Nisole et al., 2004; Sayah et al.,
2004; Zhang et al., 2004).

As a copy mechanism to generate new genes (Brosius,
1991; Kaessmann et al., 2009), retroposition is widely
observed in animals, such as in mammals or Dro-
sophila (Drosophila melanogaster; Betran et al., 2002;
Emerson et al., 2004; Pan and Zhang, 2009). In contrast,
knowledge of retrogenes in plants is so far limited. As
a pioneering study, alcohol dehydrogenase derived
retrogenes were observed in Brassicaceae (Charlesworth
et al., 1998). Recently, a genome-wide scan detected
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abundant retroposed chimeric genes in the rice (Oryza
sativa) genome, revealing unexpected high protein
diversity encoded by the monocot genome (Wang
et al., 2006). In contrast, only one retroposed chimeric
gene was observed in Arabidopsis (Arabidopsis thali-
ana; Zhang et al., 2005). These observations raised new
questions: How general is the retroposition mecha-
nism in plants? Is the observed high origination rate of
chimeric genes in rice a general mechanism for gener-
ating new protein functions in other plants, e.g. in
dicot organisms? Clearly, we need to investigate more
plant genomes to understand these problems.

In animals, the fate of retrogenes in evolution ap-
pears to be significantly impacted by the sex determi-
nation genetic system. For example, the meiotic sex
chromosome inactivation may be responsible for driv-
ing male genes out of the X chromosome in mammals,
and sexual antagonisms may enhance the fixation
probability of new male genes into autosomes in
Drosophila (Rice, 1984; Sturgill et al., 2007). The orig-
ination of meiotic sex chromosome inactivation and
the male retrogene movement were found to be asso-
ciated (Potrzebowski et al., 2008). The genetic control
of sex determination and related genetic processes
were a consequence of a long evolutionary process in
which a pair of sex chromosomes was completely
developed. However, it is unclear when the patterns of
sex genes, e.g. the movement of male genes from the X
chromosome to autosomes, were formed during the
evolution of the sex chromosomes.

After one dicot Arabidopsis and one monocot rice
were sequenced, Populus (poplar; Populus trichocarpa)
is the first tree whose genome had been sequenced
(Tuskan et al., 2006). Unlike Arabidopsis and rice,
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Populus’s sex determination was recently found to be
genetically controlled (Tuskan et al., 2006; Yin et al.,
2008). Specifically, a Z-W sex determination system
occurs, i.e. the female is a heterogametic sex (ZW), while
the male contains a pair of homogametic sex chromo-
somes (ZZ). Furthermore, the system was observed to
be primitive: a dominant part of the W chromosome is
today homologous to the Z chromosome, clearly show-
ing its autosomal origination (Charlesworth et al.,
2005), with only <5% of the maternal W chromosome
subjected to recombination suppression (a fragment of
706 kb; Yin et al., 2008).

Thus, we scanned the Populus genome (Tuskan et al.,
2006) to investigate all the issues above. In this report,
we will show that the Populus genome contains >100
retrogenes, and the vast majority of them are likely
functional. Furthermore, a considerable portion of
these retrogenes underwent extensive structural ren-
ovation that led to origination of new chimerical genes
as a consequence of recruiting preexisting exons in the
target sites and new intron-containing genes resulting
from intronization of previous exonic sequences of
retrosequences (Irimia et al., 2008). We will finally
show that the incipient sex chromosome does not have
a strong effect on the expression of sex retrogenes and
localization of sex genes.

JGI Populus Trichocarpa vi1.1
19 chromosomes
+

RESULTS
Identification of Retrogenes

By integrating and improving previous strategies
(Emerson et al., 2004; Wang et al., 2006; Zhang et al.,
2006b), we developed a new pipeline to identify retro-
copies in the Populus genome. We searched 45,555
predicted gene models (Joint Genome Institute [JGI]
Populus trichocarpa v1.1; Tuskan et al., 2006) against the
genome and found 106 retrocopies (Fig. 1). To estimate
the performance of our pipeline, we identified 83
retrocopies in Arabidopsis with the same pipeline and
compared this result with the previous report (Zhang
et al., 2005). Out of the 69 cases previously identified,
only 32 are covered by our data set. As for the remain-
ing 37 cases, they either failed to pass our stringent
criteria or were lost due to the database update (for
details, see Supplemental Table S1).

Significant Functionality of Retrogenes

We combined three complementary methods to test
the functionality of 106 Populus retrogenes. First, we
implemented the likelihood ratio test in the PAML
package (Nei and Gojobori, 1986; Yang, 1997) to infer
whether the ratio between the nonsynonymous sub-
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Figure 1. A schema of our pipeline (for details, see “Materials and Methods”).
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stitution rate and the synonymous substitution rate
(Ka/Ks) would be significantly smaller than 0.5 if we
compare the parental gene and retrogene. In this
context, the cutoff of 0.5 is established as a stringent
signature of evolutionary constraint between paralo-
gous genes (Betran et al., 2002; Emerson et al., 2004). A
total of 75 cases (70.8%) show significant sequence
constraint (likelihood ratio test, P =< 0.05).

Second, we searched for evidence of transcription.
We scanned PopulusDB, a comprehensive EST data-
base (Sterky et al., 2004) that covers 19 samples from
different tissues or development stages. Meanwhile,
we also searched the microarray tissue profiling data
GSE13990 (Wilkins et al., 2009), which covers nine
tissues. As a result, we identified 36 retrogenes (33.9%)
that overlap with at least one EST or show presence in
all three replicates for at least one tissue by microarray.

Finally, we mapped retrogenes to the protein-coding
gene annotation (JGI Populus trichocarpa v1.1; Tuskan
etal., 2006) according to the chromosomal coordinates.
A retrogene will be recognized as functional if it
overlaps with one protein-coding gene on the same
strand and the overlapping open reading frame region
contributed to at least 50 amino acids of the protein. As
a result, we found 90 retrogenes (84.9%) that were
annotated as protein-coding genes.

We identified a total of 95 retrogenes (89.6% out of
106 retrocopies) showing signature of transcription,
gene annotation, or undergoing significant purifying
selection. In other words, the majority of retrocopies in
this dicotyledonous species was associated with sig-
nificant functionality. This is in sharp contrast to the
human genome, in which only 16% of retrocopies are
potentially functional, while the remaining majority
seems to be functionless (Vinckenbosch et al., 2006).

Extensive Structural Renovation of Retrogenes

As a main source of functional diversity, retrogenes
often generate a chimeric structure by recruiting nearby
preexisting exons (for example, see Fig. 2), introns, or
intergenic regions (Long and Langley, 1993; Long et al.,
2003). Out of 90 retrogenes overlapping with annotated
gene models, we identified 12 (13%) chimeric genes
(Table I), nine of which are involved in fusion of the
coding region. In comparison, the chimeric retrogenes
account for 23% (19 out of 83) in Arabidopsis, possibly
due to its more comprehensive annotation of gene
structure. Again, the majority (13 out of 19) has a
chimeric coding region. Such data suggest a frequent
functional divergence on the protein level.

While manually checking the structure of retrogenes,
we found a second structural renovation category,
intronization. Instead of recruiting nearby regions,
retrocopy could splice out one segment of previous
protein-coding retrosequences and generate a new
intron. We found a total of 11 (10%) cases in Populus
and 18 (22%) cases in Arabidopsis (Table II). As shown
in Figure 3, a hydrolase, AT1G66860, generated a ret-
roposed copy, AT1G15040. This new gene has two
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estExt_Genewise1_v1.C_LG_XVI1817

VTGA

expressed protein
gw1.XVIL.1377.1

Figure 2. An example of chimeric gene in Populus. Thick bars indicate
coding exonic regions, while thin bars represent noncoding exonic
regions. The black thin bar is the stop codon area. Retroposed regions
are marked in red, and nonretroposed regions are marked in blue. The
region spanning five exons (1-5) of the parental gene estExt_Genewise1_v1.
C_LG_XVI1817 are retroposed and fused with a nearby coding exon
6, creating a new chimeric structure retrogene, gw1.XVII.1377.1,
which might be involved in transcription initiation (KO annotation;
PopulusDB; Sterky et al., 2004).

distinct isoforms from alternative splicing due to an
intron retention event (Fig. 4). The spliced isoform is the
major form since 10 cDNA or EST sequences unambig-
uously support this form, and only two cDNA se-
quences are compatible with the retention form.

Both the protein-level and nucleotide-level sequence
alignments between the parental gene and retrogene
show this new intron was derived from the exonic
region of the parental gene (Fig. 5). However, as
expected, with intronization the divergence between
the parental gene and this new intron is much higher
compared to the immediate flanking region. The nu-
cleotide sequence alignment shows the splicing donor
GT is generated de novo, while the splicing acceptor
AG is shared by both the parental gene and the
retrogene (Supplemental Fig. S1). Sequence alignment
shows this intron is conserved in Arabidopsis and
Arabidopsis lyrata (Supplemental Fig. S2). The spliced
isoform serves as the major isoform, which also sug-
gests the functionality of this new intron.

Structure Renovation Occurs at a High Speed

Next, we estimated the ages of these chimeric genes
or intronized retrogenes. Since the synonymous mu-
tation rate (Ks) is sometimes distorted by gene con-
version or inconstancy of the molecular clock, we
dated their ages by investigating the related synteny
based on genome-level alignments in related species
whose genome sequences are available (“Materials
and Methods”).

For the 18 Populus retrogenes that undergo either
chimerization and or intronization, we found that
eight retrogenes are Populus specific and do not exist
in the other dicot species, Arabidopsis, Vitis vinifera,
and the monocot species rice. Considering the diver-
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Table 1. List of chimeric retrogenes at Arabidopsis and Populus

A. T., Arabidopsis; P. T., P. trichocarpa.

Retrogene Parental Gene Hallmarks
Species - - - N 5
Accession No. Synteny Accession No. Synteny Ka/Ks Type
AT AT1G20000.1 N;NG;NGNY  AT4G20280 Y;Y;N;Y;Y 0.20 C
AT1G34130 Y;Y;Y;Y;Y AT5G19690 Y;Y;Y;Y;Y 0.01 C
AT1G73050 Y;Y;Y;Y;Y AT1G72970 Y;Y;Y;Y;Y 0.04 C
AT1G77130 Y;Y;Y;Y;Y AT3G18660 Y;Y;Y;Y;Y 0.03 C
AT2G01180.2 Y;Y;Y;Y;Y AT3G02600 Y;Y;Y;Y;Y 0.03 C
AT2G24810 N;N;NGN;Y  AT1G19320 N;Y;Y;Y;Y 0.35 C
AT4G11485 N;NG;NGN;Y  AT4G11760 N;N;NGN;Y 0.52 C
AT4G11760 N;N;NGN;Y  AT4G11485 N;N;N;N;Y 0.74 C
AT4G14250 N;NG;NGN;Y  AT1G14570 Y;Y;Y;Y;Y 0.19 C
AT4G35680 N;N;N;N;Y  AT4G01590 N;N;N;N; Y 0.33 C
AT5G39840 Y;Y;Y;Y;Y AT4G14790 Y;Y;Y;Y;Y 0.07 C
AT5G56720 Y;Y;N;Y;Y AT1G04410 Y;Y;Y;Y;Y 0.02 C
AT5G59240 Y;N;Y;Y;Y AT5G20290 Y;Y;N;Y;Y 0.05 C
AT3G47520 Y;Y;Y;Y;Y AT5G09660 Y;Y;Y;Y;Y <0.01 N
AT3G62350 N;NGNGN;Y  AT1G71320 N;N;N;N;Y 0.52 N
AT5G02920 N;N;N;N;Y  AT5G02930 N;N;N;N;Y 0.58 N
AT5G16510 Y;Y;Y;Y;Y AT3G02230 Y;Y;Y;Y;Y 0.02 N
AT5G54940 Y;N;Y;Y;Y AT4G27130 Y;Y;Y;Y;Y 0.08 N
AT5G63370 Y;Y;Y;Y;Y AT1G67580 Y;Y;Y XY 0.13 N
P.T gwl.1.4117.1 Y;Y;N estExt_Genewisel_v1.C_640287 Y;Y;Y 0.23 C
fgenesh4_pm.C_LG_I11000107 N;N;N fgenesh4_pg.C_LG_1003004 N;N;N 0.37 C
grail3.0019034401 Y;Y;N gw1.1X.2754.1 Y;N;N 0.15 C
gw1.VIIL.2743.1 Y;Y;Y eugene3.00010969 Y;Y;Y 0.01 C
gw1.X.1338.1 Y;N;N gw1.111.1437.1 Y;Y;Y 0.17 C
estExt_Genewisel_v1.C_LG_XVII1045 Y;Y;Y eugene3.00100771 Y;Y;)Y 0.01 C
gwl1.XVILL1377.1 N;Y;N estExt_Genewisel_v1.C_LG_XVI1817 Y;Y;N <0.01 C
gw1.148.143.1 Y;Y;Y estExt_fgenesh4_pm.C_LG_XVIIIOZ65 Y;Y;N 0.21 C
fgenesh4_pg.C_scaffold_188000004 N;N;N fgenesh4_pg.C_LG_X000230 N;N;N 0.75 C
estExt_Genewisel_v1.C_LG_XIII1276 Y;Y;N eugene3.01450035 Y;Y;N 0.24 N
grail3.0020003201 Y;Y;Y estExt_Genewisel_v1.C_1820077 Y;Y;N <0.01 N
grail3.0124002901 YY;Y estExt_fgenesh4_pg.C_LG_I0109 Y:Y;Y 0.02 N

Synteny follows the format “rice; Populus; papaya; V. vinifera; A. lyrata” in Arabidopsis, and “rice; V. vinifera; Arabidopsis” in Populus, while Y

and N indicate presence and absence, respectively.

PChimeric gene type. C indicates coding exon fusion chimeric gene, which means coding

sequence stems both from the retrocopy and the host gene, while N represents noncoding fusion chimeric gene, where the coding sequence only

originates from the retrocopy (Vinckenbosch et al., 2006).

gence time of these species (Tuskan et al., 2006), their
ages should be younger than 100 million years. This
gives a rate of structural innovation of around 0.1 events
per million years per genome, comparable with the rate
of retrogene chimerization in hominoid lineages (0.14;
Marques et al., 2005; Vinckenbosch et al., 2006).

For Arabidopsis, we have closer outgroups to esti-
mate the ages of the 31% (26 out of 83) of retrogenes
with structural renovation. We found that 15 retro-
genes occurred after the divergence between Arabi-
dopsis and papaya (Carica papaya) 72 million years ago
(Ming et al., 2008). Two of them even emerged after the
split of Arabidopsis and A. lyrata five million years ago
(Tang et al., 2007).

Such data not only proved that our pipeline really
screened out those evolutionary young genes, but
suggest chimerization occurs with a speed as high as
that in the human genome (Marques et al., 2005;
Vinckenbosch et al., 2006) and intronization happens
at a higher speed compared to sporadically reported
mammalian cases (Roy et al., 2003).
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There Is No Retrogene Traffic Out of the Sex
Chromosome in Populus

We did not find an excess of retrogene traffic out of
the sex chromosome. There are no retrocopies dupli-
cated from the parental gene encoded by XIX. More-
over, only two retrocopies jump into XIX, which is not
very different with regard to the expectation based on
the number of all genes. Contrary to this pattern, X
chromosomes of humans and Drosophila generate dis-
proportional retrogenes (Betran et al., 2002; Emerson
et al., 2004). Moreover, out of 32 retrogenes with
unique probes, we found 6 (18.8%) retrogenes tran-
scribed in female catkin, and two (6.3%) retrogenes
transcribed in male catkin. The abundance is lower
than that of root and mature leaf (28.1% for both). In
contrast, >50% of retrogenes express in testis for both
human (Emerson et al., 2004) and fly (Dai et al., 2006).
These data indicate that the incipient Z/W chromo-
somes do not play a significant role with respect to
retrogene origination.

Plant Physiol. Vol. 151, 2009
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Table II. List of intronized retrogenes at Arabidopsis and Populus
A. T., Arabidopsis; P. T., P. trichocarpa.

) Retrogene Parental Gene Hallmarks
Species Accession No. Synteny? Accession No. Synteny? Ka/Ks Intron (—)° Intron (+)°
A.T. AT1G03300 N;N;N;N;Y  AT2G47230 N;NG;NGN;Y  0.45 7 1

AT1G08120 Y;:N;N;N;N  AT5G26110 Y;Y;Y;Y;Y 0.16 5 1
AT1G08135 N;N;Y;N;Y  AT1G08140 N;NGY;N;Y  0.15 3 2
AT1G15040° N;Y;Y;Y;Y  AT1G66860 N;Y;Y;Y;Y 0.09 4 1
AT1G30455°¢ N;N;N;N;N AT2G45100 N;NGN;NG;Y  0.89 10 1
AT1G34130° Y:Y;Y;Y;Y  AT5G19690 Y:Y;Y;Y;Y 0.01 17 1
AT1G45100 N;N;N;N;Y  AT5G41690 N;NG;NGN;Y 091 20 1
AT1G72850° N;N;N;N; Y AT4G09420 N;N;NGN;Y  0.44 1 1
AT1G77130° Y;Y;Y;Y;Y  AT3G18660 Y;Y;Y;Y;Y 0.03 3 1
AT2G24810 N;N;N;N;Y  AT1G19320 N;Y;Y;Y;Y 0.35 1 2
AT3G05860° N;Y;Y;Y;Y  AT2G28700 N;NG;N;N;Y  0.36 2 1,24
AT3G53550° N;N;N;N;Y  AT1G05080 N;N;NGN;Y  0.48 2 4
AT4G14250 N;N;N;N;Y  AT1G14570 Y;Y;Y;Y;Y 0.19 7 1
AT4G16680 Y;Y;Y;Y;N AT1G32490 Y;Y;Y;Y;Y 0.14 20 1
AT4G19240 N;N;N;N; Y AT3G43290 N;NGNGNGN - 1.24 2 1
AT4G35680 N;N;N;N;Y  AT4G01590 N;N;NGN;Y  0.33 2 1
AT5G03980 N;N;N;N;Y  AT1G28580 Y;Y;N;Y;Y 0.10 4 1
AT5G10880 Y;Y;Y;Y; Y AT3G62120 Y;Y;Y;Y;Y 0.15 10 2
P.T.  fgenesh4_pg.C_LG_l001866 N;N;N fgenesh4_pg.C_LG_1001869 N;N;N 0.14 5 1
fgenesh4_pm.C_LG_II1000107 N;N;N fgenesh4_pg.C_LG_1003004 N;N;N 1.01 2 2
eugene3.00050136 Y;Y;Y gw1.V.2779.1 Y;Y;Y 0.43 1 1
eugene3.00061026 Y;Y;N gw1.145.154.1 Y;Y;N 0.49 4 1
fgenesh4_pg.C_LG_VI11001079 N;N;N eugene3.00151048 N;N;N 0.34 2 1
gw1.XII1.3155.1 N;N;N gw1.1.8037.1 Y;Y;Y 0.06 8 1
estExt_Genewisel_v1.C_LG_XVII1045 € Y;Y;Y eugene3.00100771 Y;Y;Y 79.99 11 1
eugene3.01250039 Y;Y;N gw1.XII.3170.1 N;N;N 0.96 4 1
fgenesh4_pg.C_scaffold_15221000001 N;N;N fgenesh4_pg.C_scaffold_218000001 N;N;N 0.43 4 1
fgenesh4_pg.C_scaffold_5145000001 N;N;N fgenesh4_pg.C_LG_X1001324 N;N;N 0.41 2 1
eugene3.53350001 N;N;N eugene3.00181086 Y;Y;N 0.38 2 1
Synteny follows the format in Table 1. PIntron gain/loss of retrogenes. Columns “Intron (—)” and “Intron (+)” list the number of introns absent

with respect to the parental gene and the number of newly gained introns in the retrogene, respectively.
%The number of newly gained introns is 1 (AT3G05860.2, AT3G05860.3) or 2

retrogenes have EST evidence supporting the splicing junction.
(AT3G05860.1) because of alternative splicing.

“Newly gained introns of these

DISCUSSION

In this report, we develop an efficient pipeline to
scan retrocopies in the whole genome while excluding
possible DNA level duplications and transposon-
derived duplicates. Detailed comparison with previous
reported datasets in Arabidopsis shows the specificity
and sensitivity of our pipeline. With such an improved
pipeline, we have identified 106 retrocopies in the
Populus genome and found that most of them were
associated with functional signatures. Previously, ge-
nome duplication was widely observed in plant ge-
nomes to be a dominant evolutionary process that
significantly impacts important components of molec-
ular evolution, e.g. gene contents and substitution
rates. Our analysis of retrogenes in two dicots added a
new element of gene evolution to this general picture
of plant genome evolution.

Our analysis revealed that 17% of these retrogenes
undergo structural renovation through recruitment of
preexisting exons and intronization of previous coding

Plant Physiol. Vol. 151, 2009

regions in the retrosequences. These evolutionary
changes in gene structure consequently generate new
chimeric proteins and/or new expression patterns,
leading to the rise of novel gene functions. Intrigu-
ingly, it seems common to recruit internal exonic
sequences as new introns for these retrogenes in Populus,
although there were exceptional cases reported in
humans before (Lahn and Page, 1999; Baertsch et al.,
2008). This finding adds a new concept to the conven-
tional notion that retrogenes should not be always
expected to be single-exon genes derived from retro-
sequences. Thus, if we search retrogenes based on com-
parisons of single-exon genes and multiple-exon genes,
we might overlook these respliced retrogenes. More
than that, it is hypothesized that a transient phase
might be mandatory, during which gene regions are
neither fully exonic nor fully intronic, like alterna-
tive splicing, since an instantaneous intronization
is unlikely (Catania and Lynch, 2008). Although the
aforementioned case in Arabidopsis does support this
view, most of the cases we found in both plants
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Figure 3. Intronization at retrogene AT1G15040. This figure follows
the convention of Figure 2 except with a yellow bar marking the
intronized region. Five exons of the parental gene AT1G66860 marked
from 1 to 5 are duplicated as the retrogene AT1G15040. Then, an
intronization event occurs: the previous retrocopy is spliced again and
two new exons are created, which were marked with | and 1I,
respectively. Furthermore, a chimeric event occurred in that the 3’
terminal coding region including the stop codon was recruited from the
nearby region.

have only one spliced form. Nevertheless, given the
gene redundancy, the new retroposed form is very likely
to get a new intron in a short time due to the relaxation
of functional constraint. Finally, regarding the largely
unknown issue of intron origination (Roy and Irimia,
2008), the retrocopy provides a well-controlled system
since all the preexisting introns get lost.

Only a small portion (<5%) of the sex chromosomes
in the popular genome was differentiated from auto-
somes (Yin et al., 2008), suggesting that sex determi-
nation of Populus evolved very recently. This may
explain our observation that there are no significant
retrogene movements out of the sex chromosome.
Moreover, in contrast to the dominant retrogene ex-
pression in the testes of mammals (Vinckenbosch et al.,
2006), we did not find an enrichment of female catkin
expression. These data reveal that this Z-W system is
too young to impact the chromosomal distribution and
expression of most retrogenes.

MATERIALS AND METHODS
Data Source

Populus trichocarpa genome data were downloaded from JGI (http://
genome.jgi-psf.org; Tuskan et al, 2006), while Arabidopsis (Arabidopsis
thaliana) genome data were from The Arabidopsis Information Resource
(TAIR; www.arabidopsis.org; Poole, 2007). The EST data were from PopulusDB
(www.populus.db.umu.se; Sterky et al., 2004), while the microarray data were
from the Gene Expression Omnibus (Barrett et al., 2006) with accession
number GSE13990 (Wilkins et al., 2009).

Identification of Retrocopies

By modifying previous strategies (Emerson et al., 2004; Wang et al., 2006;
Zhangetal.,2006b), we developed an automatic pipeline toidentify retrocopies in
the genome. First, we mapped Populus protein sequences to genomes using
TBLASTN (Altschul etal., 1997). Then, we implemented the Pseudopipe package
(Zhang etal., 2006b) to process the raw alignments in merging BLAST high-score
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blocks, inferring the conceptual open reading frame based on FASTY (Pearson
and Lipman, 1988) and identifying poly(A) tracts. We kept Pseudopipe’s param-
eters, such as TBLASTN e-value cutoff (1e-10), coverage cutoff (70%), and identity
cutoff (40%). Moreover, we corrected several bugs in the Pseudopipe package
possibly caused by the update of the BLAST or FASTA package.

After that, we used several BioPerl-based (Stajich et al., 2002) scripts to scan
the absence of parental introns, which map within the alignments between
parents and retrocopies. Compared with Marques’ strategy (Marques et al.,
2005), which discarded small introns shorter than 80 bp, we retained small
introns with the support of the canonical splicing site (GT-AG) and surveyed the
distribution of noncanonical splicing sites because genuine tiny introns exist
(Deutsch and Long, 1999; Chamary and Hurst, 2005). We kept small introns with
the noncanonical splicing site GC-AG, for it contributes to 94 annotated introns
with a total abundance only less than that of GT-AG. To account for possible
intron loss for old nonprocessed duplicates, we kept all the cases with more than
three introns absent in the retrocopy or only two introns absent in the retrogene,
but having either a Ks value smaller than 2 or an identifiable poly(A) track. We
also retained cases where only one parental intron is absent if they have a Ks
value smaller than 2.0 and an identified poly(A) tract.

At this stage, we identified a pair of genes with one having fewer introns.
However, a manual check showed a lot of them did not seem like retrogenes.
Possibly because the Populus genome is full of DNA level duplications, like
multiple rounds of genome-level duplication (Tuskan et al., 2006), the gene
structure or intron loss predicted based on FASTY was not that reliable. Thus,
we added five more filters. First, we discarded all the retrocopies with at least
50% of regions overlapped with repeats of RepPop (Zhou and Xu, 2009).
Second, we discarded all the retrocopies with flanking genes similar to the
parental gene’s flanking region. Third, for retrocopies with one or two
parental introns absent, we extended the introns 20 bp in both directions
and aligned them with the retrocopies. If the whole region aligned well, we
also considered it as a DNA-level duplication. Finally, because of possible
retroposition followed by DNA-level duplication or recombination of a
retrocopy with an intron-containing allele, multiple retrocopies might share
one parental gene. In this case, we kept the retrocopies if they are more similar
to the parental gene compared to all other retrocopies.

Identification of Chimerical Retrogene

To generate the complete structure of retrocopies, we compared their full-
length parental transcripts and the retrocopies with their 10,000-bp flanking
regions, considering we only used protein sequence as the query initially.
Based on such sequence comparison, we inferred the borders for retroposi-
tions. Given the coordinates of the retroposition borders and annotated gene
borders, we checked whether retrocopy already becomes chimeric by recruit-
ing some new regions.

EST Profiling and Microarray Analysis

It is possible that an EST sequence can align well both with a retrogene and
its parental gene. To ensure that an EST is derived from a retrogene, we
followed a relatively complicated pipeline (Zhang et al., 2006a) to retain high-
quality mappings. First, we mapped 141,158 EST sequences of PopulusDB
(Sterky et al., 2004) to genome sequences using BLAT (Kent, 2002). With the
default BLAT score of 30, 94% (133,284) ESTs were retained. Then, we
discarded low-quality mappings that failed to meet the following criteria:
mapping length =150 bp, identity =96%, coverage within mapping =97%,
and coverage within whole transcript =75%. Only 86,695 ESTs were retained.
If a transcript was mapped to multiple genomic loci, only the best mapping
was retained; if more than one nearly identical best mapping existed (differ-
ence in BLAT scores <2%), the transcript was discarded to avoid ambiguity.
Finally, we only kept 82,278 ESTs (58%). Subsequently, given chromosomal
coordinates of 45,555 gene models and 309 retrocopies, we assigned ESTs to
genes by checking whether ESTs had exonic overlap on the same strand after
accounting for EST reading orientation. ESTs associated with multiple genes
were discarded.

As for microarray data analysis, it is essential to generate high-quality
mapping between gene and probe. We took a strategy similar to assigning
ESTs to genes. Briefly, we downloaded the chromosomal location annotation
of probes from the Affymetrix Web site (www.affymetrix.com). We assigned
probes with nonambiguous chromosomal mappings to genes based on
chromosomal coordinates and strand information. We excluded probes over-
lapping with multiple genes. For genes overlapping with multiple probes, we
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Figure 4. Expression evidence for intronization at retrogene AT1G15040 from TAIR (Poole, 2007). This snapshot of TAIR shows
the gene model of AT1G15040 and its supporting cDNA tracks. The arrowed bars mark exons with the transcription orientation,

while the thin connecting lines indicate the introns.

retained only the one with the highest alignment identity. If some probes
mapped to the same gene with the same identity, probes with the “_at” would
have the highest priority. The priority of “_s_at” and “_x_at” follows since
their specificity decreased.

We downloaded raw microarray data from the Gene Expression Omnibus
(Barrett et al., 2006) and processed them using the R-Bioconductor platform
(Gentleman et al., 2004). Detection call was generated based on the MAS5
package (Pepper et al., 2007).

Function Analysis of Retrocopies

We investigated the functionality of Populus retrocopies using three strate-
gies. First, we used the codeml program in the PAML package (Nei and
Gojobori, 1986; Yang, 1997) to infer whether the Ka/Ks is significantly smaller
than 0.5. A retrocopy is recognized as a functional candidate if it meets the
following criteria (Ka/Ks < 0.5 and likelihood ratio test P < 0.01). Second, as
described above, we generated the transcription profile of retrocopies using
both ESTs and microarray data. Finally, if one retrocopy overlaps with the
coding region of one cDNA sequence (JGI Populus trichocarpa v1.1; Tuskan
etal., 2006) on the same strand and the overlapping open reading frame region
contributed to at least 50 amino acids, we considered it to be functional.

Synteny Check of Retrocopies

We checked the synteny information of all retrocopies in Phytozome
(www.phytozome.net). Specifically, we checked whether there is some VISTA
(Frazer et al., 2004) genome alignment plot in the outgroup for the 40-kb
window centered with the gene of our interest, like one Populus retrogene or
one Arabidopsis retrogene X. If we find that gene X and at least one of its
neighboring genes could form a syntenic chain (a series of VISTA alignment
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blocks), this gene should be shared by Populus or Arabidopsis with this
outgroup species.

In Phytozome, we used three outgroups for Populus (Arabidopsis, Vitis
vinifera, and rice [Oryza sativa]) and five outgroups for Arabidopsis (Arabi-
dopsis lyrata, papaya [Carica papaya], Populus, V. vinifera, and rice). Based on the
phylogenetic tree of all these species in Phytozome, we dated when genes
emerged by following a parsimony rule.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Nucleotide-level sequence alignment (program
Water of Emboss; Rice et al., 2000) indicates this new intron is derived
from the exonic region of the parental gene.

Supplemental Figure S2. A snapshot of the alternative intron region at
retrogene AT1G15040 between Arabidopsis and A. lyrata in www.
phytozome.net.

Supplemental Table S1. Detailed comparison of our retrocopy screen
results in Arabidopsis (83) with the previous report (Zhang et al., 2005).
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Figure 5. Protein-level alignment
(tBLASTN; Altschul et al., 1997) of Query & VNDLS-QVLPRVLVVSRRTLRKNKFVDFVWGEYHLDLIVENGAVPVIVPRVAGVHKLLESE 64
. NDLS ++LPRVL+VSRRTLRKNK+VDFVGEYHLDLIV +GAVPVIVERV G+H +L+SF
retrogene AT1G15040 and its paren- Sbjct 84  ANDLSSKILPRVLIVSRRTLRKNKYVDFVGEYHLDLIVSSGAVPVIVPRVNGIHSMLOSE 263
tal gene AT1G66860. “Query” and
“Shict” indicate parental gene and Query 65 KPIHGVLLCEGEDIDPSLY-ESEISSLSPQELDEIRKTHASDTAIDKEKDSIEFALAKLC 123
. +PIHGVLLCEGED+DPSLY + E+S LSP++++EI+K HA D ID+EKDSIE LA+LC
retrogene, respectively. Red downward Sbjct 264 EPIHGYLLCEGEDVDPSLYADDELSDLSPEDMEEIKKAHAEDMTIDREKDSIELTLARLC 443
arrows indicate the exon-exon border 124 on 183
. Query LEQNIPYLGICRGSCVLNVACGGSLYQDLEKEVTIKVPEEHKRNHI DYDDYDGYRHEVKI
of parental genes, while the red up- LE+NIP+LGICRGSQ+LNVA GG+LYQD++KE+  + NHIDYD+YDG+RHE +I
ward arrows and light-blue connecting Sbjct 444  LERNIPFLGICRGSQILNVAAGGTLYQDIDKELGTTMT--—TTNHIDYDNYDGHRHEARI 614
line mark the new intron in the retro-
Query 184  VKNSPLHKWFKDSLDEEKMEILVNSYHHQGVKRLAQRFVPMAFAPDGLIEGFYDPDMYNP 243
gene. V+ +PLHK F E+MEI+VNSYHHQGVKRLAQRFVPMA+APDGLIEGFYDP+ Y+P
sbjct 615  VEETPLHKLF-—---- EEMEIMVNSYHHQGVKRLAQREVPMAYAPDGLIEGFYDPNRYDP 776
Query 244 EEGKFLMGLQFHPERMRKNGSDEEDEPGCPVAYQEFAKAVIACQKKVNSFLSVPKKLELN 303
+EG+FLMGLQFHPERMR GSDEFD+PGC + YQEF KAVIA QKK + VW
Sbjct 777  KEGQFLMGLQFHPERMRLPGSDEFDYPGCALVYQEFVKAVIAFQKKQUNATQV---—--— 935
Query 304  PEMENKRKILVRSFSLARSMYTRSHSLKNQSTESELEVGAEF------- LESNTALSVQE 356
EM+ K LV+SES A + ,R + + L+ F +4+NT L5 QQ
Sbjct 936 -EMKRKTTTLVKSFSQAEFLEVRDSEVLHTYRLYVLPLNIGFSDMAE®IMCANTVLSKQQ 1112
Query 357 EMRLKEMGATMRNGGSETEKLRLDEKKORKAMNIMKNMNIERLSELMATYHLMGKISSEV 416
E RLK+MGAT+RN + +++++ E++4++R M ++ ERLS++++F+H+M ++ S
sbjct 1113 ENRLKQMGATVRNSCVYMKRMKMKEEQERA----MDKLSAERLSDMLSFHHMMARLCSNA 1280
Query 417 LERKL
++RKL
Ssbjct 1281 IKRKL
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