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Letter

Many or most genes in Arabidopsis transposed
after the origin of the order Brassicales

Michael Freeling,"* Eric Lyons,’ Brent Pedersen,’ Magsudul Alam,? Ray Ming,

and Damon Lisch’

3

"Department of Plant and Microbial Biology, University of California at Berkeley, Berkeley, California 94720, USA;
?Advanced Studies in Genomics, Proteomics and Bioinformatics and Department of Microbiology, University of Hawaii,
Honolulu, Hawaii 96822, USA; 3Department of Plant Biology, University of lllinois at Urbana-Champaign,

Urbana, Illinois 61801, USA

Previous to this work, typical genes were thought to move from one position to another infrequently. On the
contrary, we now estimate that between one-fourth and three-fourths of the genes in Arabidopsis transposed in the
Brassicales. We used the CoGe comparative genomics system to perform and visualize multiple orthologous
chromosomal alignments. Using this tool, we found large differences between different categories of genes. Ten of
the gene families examined, including genes in most transcription factor families, exhibited a median frequency of
5% transposed genes. In contrast, other gene families were composed largely of transposed genes: NB-LRR
disease-resistance genes, genes encoding MADS-box and B3 transcription factors, and genes encoding F-box proteins.
A unique method involving transposition-rich regions of genome allowed us to obtain an indirect estimate of the
positional stability of the average gene. The observed differences between gene families raise important questions
concerning the causes and consequences of gene transposition.

[Supplemental material is available online at www.genome.org.]

One of the most striking results that comes from comparing re-
lated genomes is the prevalence of collinear runs of genes.
Broadly speaking, even distantly related species within the same
family have roughly the same gene content in roughly the same
order (Gale and Devos 1998; Bennetzen 2007). However, order is
readily detected and it is easy to overlook exceptions to that
order. These exceptions are the subject of this work.

It is important here to distinguish between collinearity,
which is a direct and empirical comparison of gene order, and
synteny, which is an inference about a common ancestral gene
order shared between two or more chromosomal regions. In the
absence of collinearity, synteny can be difficult to infer. There are
several reasons for this. Most importantly, plant lineages have
often undergone repeated tetraploidies and/or large segmental
duplications. Such large-scale duplications are eventually re-
duced back to near that of the pre-tetraploid in terms of gene
content and chromosome number by a mutational process called
fractionation. However, the resulting genome is scrambled due to
deletions, translocations, and inversions (Bowers et al. 2003;
Yogeeswaran et al. 2005; Thomas et al. 2006). These rearrange-
ments and fractionations disrupt or even eliminate collinearity,
but synteny can usually be deduced by comparison to outgroup
genomes.

The second reason that synteny can be difficult to measure
involves gene detectability. In some cases, genes or families of
genes may evolve by base substitution so rapidly that they can-
not be detected in outgroups. We call such genes or gene families
“rapidly diverged,” but the term “lineage-specific genes” has also
been used (Lespinet et al. 2002). Also undetectable are newly
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originated genes (Bosch et al. 2007; Zhou et al. 2008). Neither of
these classes of genes can be measured for synteny or a lack
thereof. Thus, if a gene seems to have moved from an ancestral
chromosomal position to a new position, we require that the
newly positioned gene must be detectable somewhere in the out-
group genome. Only detectable genes are designated as trans-
posed in our analysis.

Finally, there are genes and families of genes whose distri-
bution among related species is patchy. These gene families can
be detected in some outgroup genomes but not others; a given
family may have gone extinct in particular lineages but is none-
theless ancient. This behavior has been explained by combina-
tions of high gene birth-and-death coupled with strong purifying
selection (Nei 1992; Nei et al. 2000). The most dramatic examples
of this are transposons; they only survive to the extent that active
elements can move to new positions within a genome and indi-
vidual transposon lineages are often lost in particular clades. This
results in very high birth-and-death and a near absence of syn-
teny (Brookfield 1986; Petrov et al. 1996, Marino-Ramirez et al.
200S).

Our purpose here is to test genes and gene families for move-
ment from an ancestral chromosomal position to a new position
beginning with the origin of the order Brassicales and along the
lineage leading to modern Arabidopsis thaliana (At). We measure
movement by finding genes in At that are flanked closely by
neighbor genes that are adjacent in the Brassicales outgroup ge-
nome. We call this the “flanking gene method.”

The flanking gene method does not work for all chromo-
somal positions and it is important to recognize its limitations.
First, the methodology depends on adequate sequences from out-
group genomes. If sequences flanking a given gene are absent or
incomplete in an outgroup, or if an inversion could have inserted
into unsequenced DNA in the region, the movement of that gene
cannot be evaluated for transposition. Second, we depend on
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local synteny between At and orthologous outgroup chromo-
somes. If the gene in question is in a region showing no synteny
(Fortna et al. 2004; Gordon et al. 2007; Kurahashi et al. 2007) the
gene cannot be evaluated using the flanking gene method.

At has the best-annotated plant genome and is the preferred
species with which to begin an analysis of the evolution of gene
chromosomal position. The most recent analyses of intrage-
nomic collinearity within At inferred two sequential tetraploidies
(designated « and B), although the timing and exact gene con-
tents of these two events differed markedly when estimated by
two independent research groups (Bowers et al. 2003; Maere et al.
2005). Most of the genes that had been duplicated as a conse-
quence of tetraploidy were subsequently removed by fraction-
ation. Those duplicates that were not fractionated enriched the
At genome for genes involved in complex regulatory interactions
(Blanc and Wolfe 2004; Seoighe and Gehring 2004; Birchler et al.
2005; Maere et al. 2005; Freeling and Thomas 2006). According
to the Gene Balance Hypothesis (for review, see Birchler et al.
2005), such genes are retained following tetraploidy events be-
cause they are dose sensitive. The net effect of this process is to
drive regulatory, and probably morphological, complexity up-
ward (Freeling and Thomas 2006). Biases in gene family expan-
sion or contraction—for any reason—have profound evolution-
ary consequences involving drives and directions (Freeling
2008). We suggest that the same may be true for biases in a gene’s
propensity to transpose.

The power of comparative genomics is enhanced by using
proper outgroups. Fortunately, two excellent comparators for
Arabidopsis research have been recently sequenced. A 3X papaya
(Carica papaya, or Cp) genome was released recently (Ming et al.
2008). Although only 75% of the sequence is represented in this
assembly, the authors estimate that >90% of the gene content is
represented. This genome is a particularly important outgroup
for At because it has not undergone a tetraploidy in its lineage for
over 100 MY and is a basal Brassicales, the order that also includes
At. It is clear that Cp diverged from At before either of the two
most recent At lineage tetraploidies occurred, so any one Cp chro-
mosomal segment is often represented as four different segments
in At, each one of which, because of fractionation, contains only
a subset of the genes in the Cp segment. In order to distinguish
between gain versus loss, we use a second outgroup. The grape
(Vitis vinifera, or Vv) genome (Jaillon et al. 2007) is also recently
sequenced and, like Cp, is devoid of obvious whole-genome du-
plications subsequent to the radiation of the rosids. Figure 1 il-
lustrates this 1Cp:1Vv:4At relationship. It portrays a GEvo (Lyons
and Freeling 2008) graphic representation of a BLASTZ alignment
output, where all sequences are compared with Cp. The CoGe
platform for organizing whole genomic data and its GEvo tool for
comparison of genomic regions (Lyons and Freeling 2008) has
been tailored specifically to support comparisons among rosid
genomes (Lyons et al. 2008). High-scoring pairs are represented
as colored rectangular BLAST “hits.” Note that nearly every gene
present in this region of Cp is present on at least one of the At
segments. Genes present in these At segments that are not pres-
ent in a syntenous region in Cp have been either gained at this
position in At, lost in Cp, or are not authentic genes. Returning to
Figure 1, At genes that are flanked by syntenic genes in Cp and Vv
(identified by the lines) but do not appear to be present in either
of these outgroup species at this position, are the subject of this
study. Examples of these potentially interesting genes are en-
closed in ovals.

There are a variety of ways that single genes are known to

have moved. One way is via transposon-mediated transduplica-
tion, a process in which portions of genes are captured by trans-
posons such as MULEs (Jiang et al. 2004; Juretic et al. 2005; Lisch
20095) or helitrons (Morgante et al. 2005). There are thousands of
examples of transduplication in rice and maize. In addition to
transduplication, there are three other ways that genes are
known experimentally to have transposed singly or in small
groups: (1) Excision and reinsertion, mediated by two flanking
transposons (Tonzetich et al. 1990); (2) reverse transcription of a
pre-existing mRNA and retro-transposition (retroposition) of the
intronless copy to a new location (Neufeld et al. 1991); or (3)
intrachromosomal recombination among locally duplicated
genes or genes flanking repetitive sequences (Yi and Charles-
worth 2000).

Although there is little evidence against the common occur-
rence of single gene transposition in plants, the possibility is
rarely mentioned. There is an exception (Fischer et al. 1995):
Studies mapping MADS-box genes in maize concluded that many
of them acted like transposons. With this exception, the possi-
bility of transposition can come up when disease-resistance (es-
pecially NB-LRR) genes (Jones and Dangl 2006) are involved, but
the word “transposition” is avoided. Leister (2004) called trans-
positions “ectopic duplications,” and did not exclude them from
explanations of the positions of singlets and clusters of NB-LRR
genes in all plants, as had others (Baumgarten et al. 2003). A
recent study (Ameline-Torregrosa et al. 2008) called transposi-
tions “ectopic translocations” and inferred a significant number
of them among the disease-resistance genes of the legume Medi-
cago truncatula. NB-LRR genes are certainly diverse within Arabi-
dopsis thaliana, Columbia (Meyers et al. 1998), and some of them
are particularly polymorphic in their LRR regions (Bakker et al.
2006; Shen et al. 2006; Borevitz et al. 2007), as judged from re-
sequencing in wild accessions. There is at least one suggestion
that plant disease-resistance gene clusters might generate diver-
sity under extreme stress (Friedman and Baker 2007). Here we
present evidence that NB-LRR genes, and many others, are par-
ticularly prone to have become transposed. In contrast, genes in
other gene families, like those encoding most sorts of transcrip-
tion factors, tend to stay in an ancestral chromosomal position.

Results

Our goal was to determine the frequency with which genes were
relocated or transposed into the At lineage genome subsequent to
its divergence from Cp. In order to do this, it was necessary to
identify genes in At that are flanked by syntenic genes in Cp, but
that are not themselves present at that syntenic position in Cp.
Ultimately, we examine flanked genes using BLASTN or
TBLASTX, and display the results, as illustrated in Figures 1 and
2. We then calculate the resulting “not ancestral” frequency for
each of several gene families. If the gene is detectable in the
outgroups (not rapidly diverging or high birth-and-death), then
we infer that the gene transposed into Arabidopsis. By “transpo-
sition,” we do not imply a specific mechanism, only that these
genes were apparently mobilized and inserted at some point sub-
sequent to the divergence of At and Cp without disrupting an-
cestral flanking markers.

In order to accurately determine the frequency of transpo-
sition for each family examined, we used a series of protocols and
controls, detailed below. Results are summarized in numbers in
Table 1, words in Table 2, and cataloged in Supplemental Infor-
mation 1.
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Figure 1. A GEvo graphic of a BLASTZ six-way multiple alignments including one syntenous region from Cp, the four homeologous (orthologous) At

regions, and the orthologous Vv segment. Both Cp (top) and Vv (bottom) are

references, so a maximum of five high-scoring pairs (HSPs, colored boxes)

could be piled above, or, for inversion, below the gene models. If syntenic lines connecting HSPs could be drawn without obscuring the graphic, essential
collinearity of all HSPs would be demonstrated. The arrow in the Cp panel marks a Cp gene that is present in the expected syntenic position in W, and
is present in all four At homeologs, meaning that the gene was retained following both « and B tetraploidies in the At-specific lineage. The other Cp genes
tend to be on one, two, or three of the four possible At homeologs, reflecting various patterns of fractionation. At genes that are flanked by ancestral
genes but are not hit by BLASTZ in either outgroup in this region are circled. These are candidate transpositions. Unsequenced nucleotides, n’s, are

marked orange. Continue research at http://tinyurl.com/23lybd.

Protocol I: Minimizing the Atv7 genome

There are 31,762 annotated genes in the v7 TAIR Arabidopsis ge-
nome. For the purposes of counting positions (loci), we removed

annotated transposons as well as ULP protease genes that are
hitchhiking within transposons, and we condensed local dupli-
cations to one arbitrary gene-space identifier (Methods; details of
our gene list explained in header of column S, Supplementary
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Figure 2. A GEvo screenshot of a complete flanking gene analysis of a cluster of four potentially nonsyntenic Arabidopsis genes (enclosed in the oval)
using both Cp (top) and Vv (middle) outgroups. In GEvo, when an HSP is clicked with the cursor, a line-of-synteny is drawn. For example, the orange
HSPs and lines show clearly the one-to-one collinearity of the Cp and Vv outgroups, the most direct evidence for synteny. Note how the two flanking

genes (indicated) in At each have hits to orthologous (syntenic) genes in both

Cp (light brown) and Vv (dark brown). There are no runs of n’s between

the flanking genes in either outgroup that could account for a missing gene. These four genes, including the PPR gene, were each transposed into this

position in the At lineage.

Information 1). The minimized Atv7 genome comprises 26,646
loci.

Protocol 2: Defining the “graveyard,” abbreviated “G”

There are 6326 At loci that have been noted as members of “a-
pairs,” defined as pairs of loci that are retained from the most
recent paleotetraploidy (Bowers et al. 2003; Thomas et al. 2006).
Over 80% of the Arabidopsis genome can be homeologously
paired using these a-pairs. Following this tetraploidy, most du-
plicate (homeologous) genes were fractionated from one or the
other, but not both, homeologs, leaving ~25% of the genome as
a-pairs. It is interesting to note that both transposable elements
and pseudogenes are relatively rare in these a-regions of the At
genome, suggesting that, particularly in relatively small genomes
such as At, neutral, redundant, and/or deleterious genes are ac-
tively removed from these regions. In contrast, non-a parts of the
genome are rich in both transposons and pseudogenes and cor-
relate roughly with cytologically and biochemically defined het-
erochromatin. We call these unpaired regions “the graveyard,” or
G, because they house a significant excess of pseudogenes (715,
or 37.5% of G-genes), defined as genes that do not make typical
proteins and tend to be covered by small RNA exact matches
(121-bp/average G-pseudogene; Supplemental Information 1). It

is interesting to note that while plant transposons preferentially
transpose into low-copy regions (Dietrich et al. 2002; Pan et al.
2005; Piffanelli et al. 2007), it’s the graveyards that end up en-
riched for these elements. The excess of pseudogenes and trans-
posons in the graveyard suggest that this portion of the genome
exhibits a reduced rate of DNA deletion, perhaps as a conse-
quence of reduced recombination, a characteristic feature of peri-
centromeric regions (Tanksley et al. 1992). Instead, it appears
that genes in the graveyard are disappearing by sequence ran-
domization, which is often called the “pseudogene pathway.”
This makes the graveyard particularly valuable with respect to
the detection of transposed genes. If transposed typical genes, as
with transposons and pseudogenes, were less likely to be lost in
the graveyard via deletion mechansims, then we would expect to
find a significant enrichment of all transposed genes in the grave-
yard without much regard to selection.

A complete graveyard would include the five centromeric
regions (Meinke et al. 2003) as well as several smaller regions
(Thomas et al. 2006). There were 4039 TAIRv7 genes in the five
pericentromeric (Meinke et al. 2003) graveyards, as defined by
the absence of a-pairs. This number drops to 2194 when the
many transposons are removed and when local gene duplicates
are condensed. The total gene compliment in this pericentro-
meric graveyard constitutes 8.4% of the minimized genome.
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Table 2. Descriptions of Arabidopsis gene families by chromosomal position and positional stability since the origin of the order Brassicales

Maijority of At genes (>80%) Character, e.g., Table 1 Families Dups?® lor G?*
Ancestral position. Syntenic, as assayed using PPR,WD40,GRAS,WRKY, —T, +a (not PPR) No
flanking markers in papaya. GERMIN, DVL, LOB, CDPK,
most transcription factor
genes.
High birth-and-death. Transposons and some MIR Annotated transposons, ULP + =T, —«a Yes
genes. Hit repeatedly with protease, some helicases.
siRNAs. Transposed. Spotty Some MIR.
phylogenetic pattern, but
ancient.
Rapidly diverged or emergent. Not detectable in Cp. THIONINS, DEFENSINS, most +T, —a Yes
Probably not ancestral Transposition likely but not V5 HYPOTHETICAL
position. Probably in “gray proved. UPGRADES and many others.
genome.”
Gray. Not ancestral position. Proved, using the flanking gene TIR/CC/other-NB-LRR, +T, +/—«a Yes
method, absent from retropositioned genes,
syntenic position in both MADS, AS2-B3, F-box, and
primary (Cp) and other gene families or clades.
secondary (Vv) outgroups.
Transposed.
Rearrangement-prone. Defies No synteny, but detectable in FADoxidor, JACALIN and many +T, —a No data
analysis by flanking gene outgroups. other families or clades. A
method. clade of PPRs. Many others.
Mixture of genes such that no Various. APUM. Additional families may Various Various
one character dominates. be common. Artificial or
remnant families.
2“+" for expanded and “—" for not expanded following tandem (T) and post-tetraploidy-retained () duplications.

PSummarizes each family’s over-representation (Table 3) of those genes that interrupt tandem duplications (I) or in those pericentromeric “graveyard”

(G) genes that do not include any a-duplicates (Thomas et al. 2006).

Protocol 3: Defining “interrupter gene,” |

A second potentially useful region within the At genome lies
within local (usually tandem) arrays of duplicated genes. If a gene
interrupts a tandem array of genes, we designate it an “inter-
rupter” (or I) gene. I-gene content is particularly informative be-
cause it is reasonable to hypothesize that most I-genes were in-
serted within a local array after the array existed. If an I gene
came from outside the array on a short inversion, for example,
one of the flanks would invert. However, interrupter genes are
not duplicates of nearby genes, strongly suggesting that they are
legitimate insertions.

There are 3088 locally duplicated At genes in 1953 arrays
(see Methods). Removing transposons, there are 1773 duplicated
genes, yielding a tandem duplication frequency of 6.8% in the
minimized genome. Within these arrays, we detected 937 I-
genes. These genes were rarely duplicates themselves (Supple-
mental Information I). As expected, and as is the case for G-
genes, a significant fraction (24.7%) of I-genes are transposons.
After transposons were removed, there were 704 I-genes remain-
ing, or 2.65% of the minimized genome. Therefore, a gene in an
“average or typical” gene family would be positioned as an I-gene
2.6% of the time if they were randomly distributed. I-gene pseu-
dogenes were targeted by small RNAs to about the same extent as
G-gene pseudogenes (136 bp/average pseudogene, Supplemental
Information 1); this is about half of that expected of annotated
transposons.

Protocol 4: Defining nonsyntenic regions

Some gene families included genes that were preferentially posi-
tioned in “rearrangement-prone” regions of chromosomes, genes
that were not flanked by syntenic markers. This lack of synteny
was determined by scanning columns of most-homologous chro-

mosomal/supercontig positions in a spreadsheet (Supplemental
Information 2) and confirmed using SynMap (Methods). Genes
located in rearrangement-prone regions could not be subjected to
the flanking gene method, so we could not test for transposition
directly. Interestingly, some gene families were significantly
over-represented in these nonsyntenic regions. Genes encoding
JACALIN lectins and FAD oxidoreductases (FADoxidor) are ex-
emplary, with 46% (6/13) and 59% (10/17) of the genes, respec-
tively, located in regions without synteny (Table 1). Almost all of
the rest were invalidated for technical reasons, which can be
caused by rearrangements as well. Only 10% of jacalin and
FADoxidors could be analyzed, even though all were detectable
in Cp. These two gene families—and probably hundreds of other,
similar families that we have not analyzed—also have very
high local (tandem) duplication frequencies. Genes positioned in
regions we found to be in rearrangement-prone regions were
denoted “No Synteny” in Table 1 (and “No” in Supplemental
Information 1). Even within essentially ancestral families, both
individuals and clades of “No Synteny” genes can occur, com-
prising meaningful data.

Control I: Genes that are known to have transposed

In addition to regions of the genome that are more likely to
contain transposed copies of genes, we wanted to examine classes
of genes that are known to have transposed in order to compare
them with gene families that we hypothesized to have trans-
posed.

Zhang et al. (2005) annotated 69 retropositioned genes in
the Arabidopsis genome, with one being a tandem duplicate. All
are intronless compared with their 51 probable genes of origin.
The “parents” of retroposons, a small but “normal” set of genes,
are not present at their ancestral position (“not ancestral” in

Genome Research 1929

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 2, 2026 . Published by Cold Spring Harbor Laboratory Press

Freeling et al.

Table 1) 19% of the time (6/32), while the retropositioned genes
themselves are not present at their ancestral position 67% of the
time (22/33). Each of these presumptively transposed genes were
detectable in other regions of papaya, with TBLASTN scores >45
and almost always >100. As with all families or groups of genes
analyzed, genes in rearrangement-prone regions (“No Synteny”
in Table 1), and genes invalidated for technical reasons (“Invali-
dated” in Table 1) were noted, and these were not subjected to
the flanking gene test. The ancestral retropositions must have
occurred before At and Cp lineages branched; those few that were
retained as a-duplicates must have transposed before the a-
tetraploidy. So, the flanking gene method detects known trans-
posed genes.

Most of the 92 At genes annotated “ULP Proteases” are ac-
tually MULE transposons carrying an ULP protease gene some-
where between the transposons’ inverted repeats (Hoen et al.
2006). Data from this special gene transposition class provides an
additional control. Not surprisingly, ULP proteases are reposi-
tioned preferentially as single insertions within tandem arrays (I)
and near centromeres (G) at 8% (7/92) and 35% (38/92), respec-
tively. Since only 2.65% of the minimized genome is I, 8% is an
over-representation (P < 0.001 by x?). Similarly, since 8% of v7
minimized genes are in these graveyards, ULP proteases are
clearly over-represented in this part of the genome as well
(P <0.001 by x?). As with other transposons, At ULP protease
genes tend to be hit multiply and covered by exact matches to
small RNA sequences. For ULP genes, the mean is 10 unique
hits/gene covering an average of 184 bp of ULP-protease CDS;
this is more than 40-fold greater than coverage of the average
ancestral gene. This “hitchhiking” mechanism for single gene
transposition is explicable, and, for that reason only, trivial to
this discussion, but the over-representation in I and G regions is
an additional control.

Control 2: Rapidly diverged genes are undetectable

Some individual Arabidopsis genes and some families of genes
have no believable BLAST hits anywhere in the papaya genome,
so that finding no hit in the flanked ancestral space is meaning-
less. “Believable” for TBLASTN (protein query to a genome trans-
lated in six frames) is a score of =45, which approximates an
E-value of =0.001. The 59 thionin genes and 200 defensin (DEFL)
genes make fine examples (Table 1). Of the total of 74 nonances-
tral members of these gene families that were identified (Table 1),
only two had believable TBLASTN hits anywhere in papaya. Nor
did they have hits in genomes of any species more distantly
related than Cp. These families are particularly prone to tandem
duplication (25% and 20%, respectively) and have a large num-
ber of genes located in “rearrangement-prone” regions (“No Syn-
teny” in Table 1). They are also significantly over-represented
among interrupter (I) and near-centromeres (G) genes, as will be
shown. The average rapidly evolving gene was covered by over-
lapping siRNA exact matches at about 20 bp, which is greater
than that for the average transcription factor (4 bp) but far less
than for transposons.

MIR genes represented a special challenge to detectability.
Most MIR genes were either positioned in rearrangement-prone
regions or were invalidated (INV) (Table 1). Of the 35 we could
analyze by the flanking gene method, 14 were Not Ancestral. Of
these, only two were detectable anywhere in Cp. However, even
when a MIR gene was not detectable in Cp, it was present (6/14 or
43% of the time) in other dicots more distantly related to At

than papaya; this is a signature of high birth-and-death lineages
as described in the Introduction. If the frequency of birth-and-
death is high enough, new insertions are certainly expected, as
with authentic transposons, but the flanking gene method is not
useful.

Different categories of genes transpose at different frequencies

Two major results emerged from our flanking gene analyses of
the positional stability of several gene families. First, an unex-
pectedly large percent of genes in almost all detectable families
have transposed since the At-Cp split, and second, the distribu-
tion of the frequency of transposition varies greatly (0%-93%)
among different families of genes. Thus, while families of tran-
scription factors such as GRAS and WRKY are largely positionally
static in the rosids, genes in families such as MADS-box, F-box,
B3, and NB-LRR are usually found at transposed chromosomal
positions (Table 1). The characteristics of each gene family are
summarized in Table 2. For convenience, we refer to gene fami-
lies that are detectable and >80% retained at the same position in
At and Cp as “ancestral” families. Families that are >50% trans-
posed are referred to as “gray” families, because their degree of
positional stability lies in the gray interval between ancestral
genes and authentic transposons.

The ancestral families were picked because we judged them
likely to be representative of genes encoding essential pheno-
types under continuous purifying selection, which is the case for
most transcription factor families or subfamilies. Representatives
of ancestral families (named after their protein products) we in-
cluded in our analyses are: GRAS, WRKY, AS2-LOB, GERMIN,
PROTEASOME CORE, DVL, WD40, CaPROTEIN KINASE, PPR,
and the parent genes to At retropositioned genes. Among these
gene families, the frequency of transposed genes (“Not Ances-
tral,” Table 1) ranged from 0% to 19%, with a 5% median. In
general, these families have average frequencies of retention fol-
lowing the most recent At paleotetraploidy (median 26% com-
pared with a 24% average) and have low frequencies of tandem
duplication events (3% compared with a 6.8% average). Also im-
portant are the exceptional families. Genes encoding GERMINS,
for example, are prone to high levels of tandem duplication, but,
exceptionally, are also highly ancestral; however, GERMINS are
retained just below average post-paleotetraploidy (23%). Ances-
tral gene siRNA targeting was low, with an average coverage of 6
bp/gene. Most importantly, all of the 51 nonancestral genes
identified by our flanking gene method were detectable in the
outgroup.

Data from the Cp outgroup was supported by the more dis-
tant Vv outgroup 95% of the time. Examination of the 51 syn-
tenous regions of Vv allowed us to estimate how many, if any, of
the putative transpositions into the At lineage actually reflected
loss from the Cp outgroup. A total of 39 of these putatively trans-
posed genes from ancestral families could be analyzed unambigu-
ously by the flanking gene method in Vv (grape has had its share
of inversions and also has unsequenced regions). Of 39 analyses,
37 found the flanking region but did not find the gene in ques-
tion. In two cases, the gene was present in the syntenic Vv region.
We conclude that the “Not Ancestral” designation based on the
At-Cp data organized in Table 1 means that the gene was trans-
posed into At 95% of the time, and was lost in the Cp outgroup
5% (2/39) of the time. These data suggest that Cp makes an ex-
cellent outgroup for At positional stability research.

Some gene families in At are rarely in the Brassicales ances-
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tral position, if such a position ever existed. These genes behave
like slow transposons. Retropositioned genes (as expected), dis-
ease-resistance genes (mainly TIR/CC-NB-LRRs), MADS-box,
AB13-Vp1-B3a, many F-box genes, and a large group of genes
called “Expressed in V6, Hypotheticals in V5” are the founding
members of what we now call “the gray genome.”

Two of the gray families require special explanations be-
cause their membership is so large. Genes annotated as encoding
an F-box protein are numerous, usually occur in local clusters
and are rarely retained post-paleotetraploidy. Preliminary exami-
nation also indicated that they were often “Not Ancestral.” We
sampled ~20 F-box genes on each of the five Af chromosomes in
order to obtain the estimate given in Table 1 of 79% “Not An-
cestral,” of which 78% were detectable in Cp (that is, 22% were
“rapidly diverged”). Another gene category is not a family at all,
but a collection of genes that were annotated as “Hypothetical”
in v5, but upgraded to “Unknown” or “Expressed” in v6, usually
on the basis of cDNA sequence. These 926 genes were so numer-
ous that we made our criterion for “flanking” as rigorous as pos-
sible: We only analyzed genes that were flanked perfectly by their
adjacent, orthologous genes in At and Cp based on the best
BLASTN hit only (Methods). This stringency inflated greatly the
number and proportion of those genes showing “No Synteny.”
Because we do not want this proportion compared with the “No
Synteny” value of any other family, we include this number in
Table 1 only as a footnote. Among those 297 upgraded hypo-
theticals that were analyzed by the flanking gene method, 68%
were “Not Ancestral,” of which 28% were detectable in Cp some-
where, and the remainder were rapidly diverged (like defensins).
So, this category is predominantly rapidly diverged, but is also
gray. The unverified upgraded V5 category could, in theory, have
included unannotated transposons, which would provide a ready
explanation for transposability, but this “unannotated transpo-
son” hypothesis will be disproved in the last section of these
Results.

Detailed positional analysis of the ancestral At PPR gene family

We wanted to examine one ancestral family in detail. We chose
the 364 analyzable genes encoding PPR proteins because they are
rarely duplicated in tandem (2.2%) and have a relatively high
proportion (15%; 35/230) of transposition for an ancestral fam-
ily, making statistics meaningful. PPR proteins are thought to
function in organellar biogenesis and, sometimes, in fertility and
fertility restoration (Saha et al. 2007). Additionally, previous
work on these genes indicated that “at least some” PPR genes
were nomadic within the family Brassicacea because they did not
share syntenic positions between At and its close relative Brassica
rapis (Geddy and Brown 2007). We were able to analyze about
two-thirds (230) of the PPR genes by using the flanking gene
method. Based on analyses using both Cp and Vv outgroups, the
15% of genes that are not ancestral are, with one exception, new
transpositions into the At lineage, not losses of the gene in the Cp
primary outgroup. Building phylogenetic trees with PPR genes is
complicated (Howell et al. 2007); we are fortunate that the Car-
rington laboratory had completed a tree including almost all PPR
genes, and made it available to us. After decorating this tree with
our data, it is clear that proved PPR insertions seem to occur at
random over the tree (Supplemental Information 3), demonstrat-
ing that there is no particular clade that is more likely to have
proved transposed members. There is, however, a clade within
this tree that cannot be analyzed for being new insertions be-

cause they are preferentially located in nonsyntenic (rearrange-
ment-prone) chromosomal regions; these are the nomadic genes
described previously (Geddy and Brown 2007). So, even though
our flanking gene method could not test it, this detectable clade
is likely to be transposed. Interestingly, this clade, which is pres-
ent in two regions of chromosome 1, is also targeted by a specific
set of tasiRNAs derived from MIR173 (Howell et al. 2007).

Among transposed PPR genes, the median number of genes
inserted at a new position, counting the initial PPR gene, is one,
although insertions including several genes do occur. Figure 2
shows a PPR gene transposed adjacent to three additional trans-
posed genes. Three cases of multiple transposed genes were
examined in detail using the CoGeBlast tool and our GEvo
Viewer (Methods); these three tiny syntenic groups do not exist
in Cp or Vv.

Genes in gene families that are significantly over- and
under-represented in G and | chromosomal space

As evidenced in our control experiments, both I-space and G-
space are enriched for pseudogenes and transposable elements,
perhaps because genes in theses regions are lost via a pseudogene
pathway, rather than via deletion. Given this, we predict that any
family that has a larger proportion of members that have trans-
posed into new chromosomal positions (based on our flanking
gene method) will also have a higher proportion of I-genes and
G-genes. This reasoning allows us to estimate indirectly the po-
sitional stability of the average At gene whether or not it is de-
tectable in an outgroup.

For the calculations that follow, we use the 26,646 genes/
gene-spaces of the minimized TAIR v7 genome. Recall our previ-
ous results: Were a gene’s position random, the typical mini-
mized gene has an 8.4% chance of being G and a 2.6% chance of
being I.

As a control for gray gene families, we used a collection of
genes that that are largely (95%) positioned in the ancestral or-
der. Based on previous work, we focused on genes encoding tran-
scription factors. Of the 1975 genes encoding transcription fac-
tors in the 2005 edition of the DATF database, http://
datf.cbi.pku.edu.cn/, many of the families had fewer than 20
genes, and five of the smaller families were exceptional in that
they tended to be locally duplicated at above the average fre-
quency of about 6%, and to be retained as pairs post-a tetra-
ploidy well below the average frequency of 24%. These families
were ARF, AS2 A, and HSF, as well as the two gray families B3 and
MADS. Removing these outlier and unpopulated DATF families
left a core of 1265 genes encoding transcription factors that we
now call “95% ancestral.” Table 3 compares our I and G repre-
sentation data for genes in Gray families, rapidly diverged fami-
lies and upgraded hypotheticals (v5S hypotheticals to v7 ex-
pressed) to expectations derived from this “95% ancestral” con-
trol gene group. These expectations are: I1=1.1%, G =1.9%.
These control values are used to derive the expected numbers of
Table 3. The legend of Table 3 indicates exactly which families
constitute these three experimental groups of genes.

The data of Table 3 indicate that all three categories of
genes—gray, rapidly diverged and upgraded hypotheticals—are
significantly (P < 0.05 by x?) over-represented in I and G space as
compared with expectations derived by the “95% ancestral” con-
trol group of genes encoding transcription factors. Gray genes are
significantly over-represented in both I and G space. This sup-
ports our hypothesis that the increased frequency of insertion of
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Table 3. Over-representation of gray and rapidly diverged gene families in Graveyard (G) and Interrupter (I) chromosomal positions, and
how the average gene is positioned more like a gray gene than a control transcription factor gene (TF)

No. No.of Expected No. No. of  Expected

No. of genes Experimental categories of | I-TF 1/1-TF Freq. | of G G-TF G/G-TF Freq. G
358 Gray (R,MADS, B3, retropositioned) 12 4 3.0 3.4% 14 7 2.0 3.9%
653 Rapidly diverged (F-box, thionins, defensins) 32 7 4.6 4.9% 48 12 4.0 7.4%

1261° V5 Hypothetical upgraded in V7 90 14 6.4 7.1% 289 24 12.0 23%

Null hypothesis 1 1

26,646 TAIR v7 Minimized: The average gene 702 2.6% 2229 8.4%
1265 Control: “95% ancestral” TF genes 14 1.1% 24 1.9%

Families are the same as in Tables 1 and 2. Two of these families are mixed gray-ancestral (MADS) and mixed gray rapidly diverged (F-box). All
calculations are from within the minimized genome. (#) The number of genes in the experimental and expected columns; (l) interrupter genes within
local repeat arrays; (#I-TF) the number of genes expected if the genes in the experimental “family categories” were positioned as expected of the control
“95% ancestral” TF group (bottom row); (G) the five pericentromeric regions. The null hypotheses, row 4, state that the experimental genes will be
positioned like the “95% ancestral” control genes. The null hypothesis is uniformly incorrect. The bottom row is the “95% ancestral” TF control group

of genes; these are the exceptional genes.

222% of these genes are hit more than once with siRNAs (Supplementary Information 1, Column W). When these genes are removed, this category is
only slightly less over-represented in | and G. That some transposons are unannotated in At does not explain these data.

gray genes into syntenic regions is a reflection of overall higher
frequency of insertional activity or retention. However, if all
genes transposed at about the same rate, and the ones we see
transposed are those not removed by purifying selection in I and
G, then our control group of genes encoding transcription factors
(“95% ancestral”) must have been continuously removed from
most regions of chromosome, including I and G space, by some
mechanism other than the point mutation/pseudogene path-
way, since pseudogenes are vastly over-represented in I and G
space.

Most unexpected is the comparative data for the average
minimized At gene (Table 3, last row). None of the experimental
categories of genes are dramatically atypical except for the huge
23% G representation of upgraded hypothetical genes. What is
atypical is the data for the “95% ancestral” control genes them-
selves, as if the control is far more positionally ancestral than is
the average gene. In general, the data summarized in Table 3
paints the average At gene dark gray, behaving more like a slow
transposon and less like a static ancestral locus since the split
between At and Cp.

Discussion

We have shown that a significant fraction of genes in Arabidopsis
(At) have changed location, or transposed, at some point since
the divergence of this species from another species in the order
Brassicales, papaya (Cp). Although our sampling was certainly
biased by the families we chose to examine, the 10 ancestral gene
families we chose showed a median transposition frequency of
~5% (Table 1). This indicates that even in the most positionally
conserved families, a substantial fraction of genes have trans-
posed since the At-Cp split. Most of these transpositions are
single gene events.

Although a comprehensive analysis of all At genes using the
flanking gene method is beyond the scope of this work, we can
calculate an approximate minimum transposition frequency. A
total of 2.6% of the 26,646 minimized At genes are Interrupter (I)
genes, and are certainly insertions, and 8.4% are Graveyard (G)
genes. We suggest that many of the G-genes are in fact trans-
posed, given the observation that gene families that are over-
represented among I-genes are invariably over-represented
among G-genes (Table 3). The five graveyards we sum to be “G”
are the largest, but not the only pseudogene/transposon-rich re-

gions in the genome, so we add another 1% of the genes for each
chromosome, or 5%. Of the remaining genome, at least 2000
genes are transposed genes in those gray families we have iden-
tified. That leaves 20,231 in potentially ancestral families (>80%
ancestral), and these average 5% transposed, or at least 1012
genes that escaped from ancestral positions. Based on these esti-
mates, we conservatively estimate that at least 7231 genes, or
27% of the minimized At genome, transposed within the Arabi-
dopsis lineage after the Cp-At divergence. This is a conservative
estimate because our data suggests that the average gene is far
more likely to be transposed than are members of highly ances-
tral families of genes (Table 3).

We have also shown that transposition is nonrandom with
respect to gene function. Some large gene families are far more
likely to have members that have transposed than others. A total
of 79% of the F-box genes sampled, for instance, are located in
the nonancestral position. Since 78% of these are detectable in
the outgroup, most F-box genes are newly transposed. On the
other hand, none of the 30 GRAS transcription factor genes were
transposed (Table 1). These data clearly indicate a bias with re-
spect the frequency of transposed genes within a given family.

Even though the vast majority of genes we have examined
have no defined function, a trend can be clearly discerned. Genes
encoding products known to interact specifically with rapidly
changing biotic and abiotic extrinsic factors are far more likely to
have transposed than genes encoding products involved in rela-
tively stable processes. NB-LRR gene products must rapidly
change to meet new pathogenic challenges (Jones and Dangl
2006), as must many plant defensins, which have been impli-
cated in defense against fungal pathogens (Thomma et al. 2002).
Similarly, it has been suggested that rapidly evolving and posi-
tively selected F-box genes are part of an innate immune system
whose function is to degrade various bacterial and viral toxic
proteins (Thomas 2006). Although MADS box genes are not re-
quired for pathogen response, many of them are involved in
floral organ identity and boundary determination (Nam et al.
2003), or flowering time (Dennis and Peacock 2007). Given ex-
pected fluctuations in specific pollinator species, flower shape
and pollen availability over the at least 50 million year lifespan of
the Brassicales, MADS-box genes may well have been particularly
exposed to fluctuating selection. In contrast, we hypothesize that
ancestral gene families, defined in Tables 1 and 2 as families with
>80% genes in the ancestral position, often encode proteins in-
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volved in pathways that seem likely to be under continuous se-
lection. Transcription factors that carry out developmental pro-
grams, for example, must bind downstream promoter elements
that may evolve over time, but these TF genes are unlikely can-
didates for fluctuating selection. Similarly, PPR genes (85% an-
cestral) are largely targeted to the mitochondria or chloroplasts
and are thought to be involved in RNA processing in these or-
ganelles (Small and Peeters 2000; Lurin et al. 2004; Saha et al.
2007). It seems unlikely that these genes would be subjected to
strong fluctuating selection (although exceptional PPR genes
have been implicated in cytoplasmic incompatibilities/fertility).
In summary, it makes sense that the gray and rapidly diverged
gene families analyzed so far correlate with selective environ-
ments that fluctuate, while ancestral genes may encode functions
that are under continuous selection.

Why such dramatic differences in transposition frequency
between different categories of genes? There are at least two rea-
sonable and mutually nonexclusive explanations for the trans-
position bias we observe. The first is that all genes are competent
to transpose, and all genes do so at an equal frequency over
evolutionary time, but that selection removes transposed copies
of some genes or classes of genes more efficiently than others.
The other possibility is that some genes or gene families are in-
trinsically more prone to transpose because a propensity for
transposition has a long-term benefit to the organism and has
been embedded into the gene’s sequence or into features of its
preferred chromosomal positions. The first hypothesis relies
purely on direct selection on gene function; the second on what
has been called “second order selection,” which can be thought
of as a mechanism that increases the propensity to produce new
alleles via any distinctive mechanism (Pennisi 1998; Tenaillon et
al. 2001). We will briefly discuss each of these possibilities.

The purely selectionist hypothesis suggests that negative
(purifying) selection removes transposed copies of members of
some gene families preferentially, and/or positive selection fa-
vors transposed copies of other gene families. Evidence in favor
of negative selection comes from much previous work on the
preferential retention of genes encoding transcription factors or
other interactive gene products following paleotetraploidy in
Arabidopsis, as predicted by the Gene Balance Hypothesis
(Birchler and Veitia 2007). In this case, selection operates to pre-
vent imbalanced gene product dosage. For the same reason, se-
lection would be expected to disfavor both tandem duplications
and duplicative transpositions of those same genes favored fol-
lowing paleotetraploidy (Freeling and Thomas 2006; Freeling
2008), and this is what we have observed in almost all of the 24
gene categories of Table 1. GRAS transcription factors, for in-
stance have a transposition frequency of 0% (0/29), a tandem
duplication frequency of 3% (1/29), and an « duplicate retention
frequency of 48%. In contrast, F-box genes have a transposition
frequency of 79% (78% detectable), a high tandem duplication
frequency of 26%, and low a-duplicate retention frequency of
13%. Cannon and coworkers (Cannon et al. 2004) point out the
extremes of this potentially reciprocal relationship, and evidence
for it has grown (Freeling and Thomas 2006; Freeling 2008).
These observations support the hypothesis that the lack of trans-
posed copies of some genes is a consequence of negative selection
against unbalanced gene product levels.

Our data also supports the idea that positive selection favors
transposition of genes, in particular gene families. Here, we as-
sume that transposed copies of genes are more likely to be ex-
pressed in novel ways, which could be selectively advantageous if

the factors with which they interact are constantly changing. If
positive selection is strong but acts only periodically, the result
could be a constantly shifting population of genes within a fam-
ily whose positions would vary over time. Clear examples of this
are the NB-LRR genes (91% transposed). As new or altered patho-
gens are encountered, old copies of these genes would become
selectively neutral, or even deleterious, and would then be lost.
New copies with altered function would continually appear and
be selected for. In this case, the intrinsic (and blindly) dynamic
nature of the genome may have been harnessed by selection to
produce useful variation in the form of a population of genes at
various positions. This process is no different in principle from
selection on random mutations in coding sequences; the “muta-
tion” in this case being a change in location rather than a change
in coding sequence. In contrast, gene families whose basic char-
acteristics are not selected to change, or where negative selection
efficiently removes duplicated copies of genes, would not be ex-
pected to exhibit a high apparent rate of transposition. Thus,
both negative and positive selection could play a role in the
frequency that transposed copies of genes are retained or lost.
So what of second order selection? Is it possible that mem-
bers of some gene families are more prone to transpose than
others? Although equivocal, we do have supporting evidence.
Our flanking gene method examines regions of the genome that
are relatively stable in order to provide evidence of new inser-
tions. However, there are two other independent measures of
insertional activity. If a gene is inserted into a tandem array, it is
almost certainly transposed. Consistent with this, roughly a
quarter of the sequences inserted into tandem arrays are trans-
posons. Among the other genes more likely to have inserted into
these arrays are members of gene families, gray gene families,
that we had determined to transpose more frequently using the
flanking gene method (Table 3). A second independent method
for measuring transposition frequency involves examination of
the graveyards. These regions of the genome have an excess of
transposable elements. Unlike euchromatic regions of the ge-
nome, they are also enriched for pseudogenes, suggesting that
insertions of all kinds are inefficiently removed from these grave-
yards. As in the case of interrupter genes, graveyard genes are
significantly enriched for gene families that we had determined
to transpose more frequently (last row of Table 3). This is true of
both potentially functional genes as well as pseudogenes.
Together, these data suggest that the average gene encoding,
for instance, a transcription factor (the 95% ancestral control
families), transposes into interrupter gene space at a threefold
lower rate than the average gene in a gray family and five- to
sixfold less than a gene in a “rapidly diverged” family. There are
two reasons that this argument is equivocal. First, selection
against dosage changes or ectopic expression could act to remove
insertions into tandem arrays or the graveyards in the same way
that it acts to remove insertions into more stable regions of the
genome. However, the presence of large numbers of inactive
pseudogenes in the graveyards suggests that insertions into these
heterochromatic regions are often lost not by deletion, but by the
slow accumulation of point mutations. The absence of signifi-
cant numbers of transcription-factor pseudogenes in the grave-
yards is most easily explained if these genes simply transpose
into these regions of the genome at a reduced rate. Second, biased
gene-loss mechanisms could also account for these data. If our
95% ancestral transcription factor genes were removed from I
and G space preferentially by a special deletion mechanism, and
did not last long enough to be removed by the pseudogene path-
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way that obviously operates in I and G space, then these data are
also explained. Were this contrived gene-loss mechanism real,
this too would be biased and, therefore, of great interest.

Most or all plant lineages have survived repeated paleo-
tetraploidies, and each of these events is a saltation that must
have greatly reduced diversity. The Arabidopsis genome has evi-
dence of four paleotetraploidies within its genome, and possibly
more that happened too long ago to see clearly. Population-level
estimates of NB-LRR gene polymorphism and selection do find
diversity (Bakker et al. 2006; Shen et al. 2006; Borevitz et al.
2007), but it is not yet clear whether or not this diversity was
necessary in the wild for a plant to have survived pathogens. If
the specificity of the plant immune system is actually held at the
population level in a great bank of alleles and plus-minus poly-
morphisms—for example, very many different NB-LRR se-
quences—then, the early descendants of any polyploid were cer-
tainly immune deficient. These tiny populations, beginning with
one plant, had no bank of diverse alleles; an allotetraploid has at
most four alleles for any one locus. These post-tetraploid popu-
lations not only survived, they repeatedly founded major clades
of plant life. It is reasonable to entertain the possibility that NB-
LRR and similar genes evolved, by second order selection, mecha-
nisms to accelerate diversity.

No matter what mechanism explains why some genes end
up transposed more than other genes, gene movement charac-
terizes a large or even the major portion of the Brassicales branch
of the Arabidopsis lineage. The new information conferred upon
the inserted genes due to their new chromosomal locations has
probably had a significant impact on all evolutionary trends and
possibilities. But what is the extent of this impact? The ~3000
species in the family Brassicaceae (crucifers) inhabit all conti-
nents except Antarctica, and species exist in virtually all sorts of
environments including all edaphic (soil type) environments, in
the extremes of these environments known to support plant life,
and exhibit most every adaptation known to be possible in plants
(Bressan et al. 2001). We need to know whether the large pro-
portion of gray genes characterizing the Arabidopsis and presum-
ably other Brassicaceae genomes describes all other particularly
widespread and adaptable clades. Perhaps the gray genome ex-
pands along with fractionation of ancient polyploids. Alterna-
tively, perhaps all plants have well-expanded gray genomes like
Arabidopsis. We are at such a primitive level of knowledge involv-
ing gene expansion by transposition, we can’t begin to estimate
how useful our findings are likely to be for understanding trends
in eukaryotic evolution. It does seem likely, however, that gene
mobility enhances evolvability, especially in intermittently hos-
tile environments. Whether that mobility is a global phenom-
enon, or one specialized to produce higher rates of movement of
particular classes of genes, the intrinsically dynamic nature of
genomes has certainly contributed to the mode and tempo of
evolution.

Methods

At data acquisition and display

The data acquired or used in this study are listed in an Excel
spreadsheet (Supplemental Information 1). Column C of this
spreadsheet is one model of every gene in the Arabidopsis ge-
nome, version 7, downloaded from The Arabidopsis Information
Resource (TAIR) along with a TAIR gene description. Papaya se-
quence (3X) is version 4 from the Hawaii Papaya Genome Project

(Ming et al. 2008). A grape genome was obtained from the French
consortium (Jaillon et al. 2007). Both of these shotgun sequence
assemblies have regions that are either unassembled or unse-
quenced; these runs of “n” are color-coded orange in our align-
ment viewer because our methods require that we keep track of
“holes” in the sequence, since missing genes might not be miss-
ing, but located in unsequenced chromosome. Small RNAs were
downloaded from the Arabidopsis Small RNA Project on 12-2007,
(http://asrp.cgrb.oregonstate.edu/db/download.html; 218,928
smRNA sequences). Using these to find exact matches to CDS or,
if necessary, mRNA sequence, we report a number of indepen-
dent hits and total base pair of subject covered by small RNA
sequences.

Local repeats and Interrupter genes (I) in At

In order to minimize the genome (Results), to calculate local
repeat frequencies (Table 1), and to locate Interrupter genes
within tandem arrays (Table 3), we wrote a Perl script that began
with the lowest numbered gene on each chromosome and
searched for a nearby homologous gene without skipping more
than three adjacent, ascending genes. Homology was quantified
using BLASTN; the query was a CDS sequence—or RNA if the
gene had no CDS—and the subject was the next four CDS/RNAs
on the chromosome, using BLASTN at E < 0.0001. We then de-
manded >50% HSP coverage of the feature. If one of these four
genes was hit, skipped genes were labeled “I,” the lowest num-
bered gene was tagged “parent” arbitrarily, the duplicates were
tagged with the locus name of the parent, and the lowest num-
bered duplicate became the next query in hopes of expanding the
array. These tags are noted in Supplemental Information 1 under
“Brent’s duplicates.” Most of these arrays are tandem repeats, but
“reverse tandems” happen, and a reverse tandem segmental in-
version could—in theory—bring unwanted genes into the Inter-
rupter set. We decided to not demand tandem repeats because of
the prevalence of single gene inversions (some are visible in Fig.
1). Therefore, our Interrupter gene set is expected to contain
some noise.

Establishing candidate At genes for the flanking gene method,
and assigning “No Synteny”

The first step in our analysis was to determine whether or not an
At gene was located in a syntenic region of At~Cp aligned chro-
mosome. If no syntenic region could be found, then “No Syn-
teny” was recorded in Supplemental Information 1 and on Table
1. To make this syntenic assessment, we constructed a list of all
TAIR v7 genes and their descriptions. For each was listed, in sepa-
rate columns, the best BLASTN hit to Cp at an E < 0.001, its start
position on a papaya supercontig, and each of the top five
TBLASTN hits, E-values, scores, and start positions more signifi-
cant than E = 0.1 (which is well within noise). Finally, each gene
has, indicated in the last column, a link to GEvo that automati-
cally anchors our alignment viewer on the BLASTN hit. By keep-
ing this list (Supplemental Information 2) sorted on At genes in
their actual chromosomal order, it was possible to see whether
any particular gene was likely to be (1) present in papaya at the
syntenic position, or (2) potentially not in papaya, but sur-
rounded (flanked) by At-Cp orthologs that might provide an ac-
curate definition of the papaya chromosomal region where the
At gene might be expected to exist. If the former, “Ancestral” was
entered in Table 1 (and “Cp” was entered in Supplemental Infor-
mation 1). If the latter, we went on to apply the flanking gene
method. Even if not flanked by orthologs, sometimes the posi-
tion of an At gene hit in Cp was at the exact end of a syntenic
series of gene positions, thus indicating synteny; for this reason,
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this initial test for synteny is biased toward finding ancestral
genes. To help researchers adverse to “eyeball” methods repro-
duce our results, we implemented the synteny-finding algorithm
DAGchainer (Haas et al. 2004) in an online application called
SynMap and now include it in our CoGe suite of genomics
databases and tools: http://synteny.cnr.berkeley.edu/CoGe/
SynMap.pl. Settings for At-Cp: —g = 200kb; —D = 400kb; —A =3
generates DAGchainer syntenic pairs as lines of red dots and
some reassuring noise. An individual At gene may be found in
the graphic using chromosomal position and by mousing over
red lines; click any red dot for an anchored At~Cp GEvo align-
ment. Alternatively, below the SynMap graphic readout are links
including “Syntolog File.” Here, every syntenic pair (red dot) be-
tween the two genomes is cataloged and each has a GEvo link
available by text search.

One gene category used the Supplemental Information 2
prescreen for synteny in an especially rigorous way. The At TAIR
vS hypothetical genes that were upgraded to “expressed” or “un-
known” in v7, called “upgraded hypotheticals,” were numerous
and mostly not ancestral. We demanded that the nearest up-
stream and downstream BLASTN hits (E < 0.001) were flanking.
This was done in automated fashion. So, even when evidence for
synteny was strong, if there was even one intervening nonsyn-
tenic hit within the flanking genes, the gene was called “Not
Syntenic,” leading to a comparatively inflated number in this
column of Table 1. Therefore, this number in Table 1 is replaced
with a footnote to discourage comparisons.

The flanking gene method with a primary and secondary
outgroup

We chose one of the GEvo links on a flanking orthologous At-Cp
gene very near our gene of interest and examined the regions
visually, beginning with a graphic edition of BLASTZ output at
our default settings, and choosing the option to color sequences
not sequenced (n’s) orange. Figure 2, top and bottom, is a screen-
shot of such an At-Cp syntenic region surrounding a cluster of
four genes, including a PPR gene (the gene under analysis); this
cluster of potentially transposed genes is enclosed by the oval in
the At panel. The light brown rectangles, BLASTZ At-Cp hits dis-
played above the Cp (top) and At (bottom) models, show no
indication of any of the four genes in the expected Cp region. At
this point we rerun the alignment using BLASTN set at an E-value
equivalent of a 15/15 exact match—which is just at the noise
level—and also TBLASTX (translated protein to translated pro-
tein); we found what BLASTZ missed ~1% of the time. Occasion-
ally, with small genes, we avoided the BLASTN 7-bp nucleation
requirement by using Chaos and other alternative alignment al-
gorithms (all available and cited in GEvo.) The light-orange
bands in a GEvo graphic denote unsequenced regions of papaya
and grape. While there is an unsequenced DNA in the flanked
region of Figure 2, it is not big enough to hide any of the test
genes, so the genes were denoted “Not Ancestral” in Table 1 (and
“new” in Supplemental Information 1). If there had been unse-
quenced DNA in the flanked region large enough to “hide” half
of a test gene at a >5% probability (expert opinion), or if a nearby
inversion was judged possibly to have imported such an unse-
quenced region, the test gene evaluation was terminated, and
“Invalidated” was marked in Table 1 (and “INV” was marked in
Supplemental Information 1). “Invalidate” is used in this study
to indicate invalidation for technical reasons. Each “Not Ances-
tral” gene was verified for detectability somewhere else in the Cp
genome. The E-values/scores of the best TBLASTN hit in Cp was
compared with known noise levels of TBLASTN hits in the ge-
nome. We set a score of 45—approximating a hit with an E-value

of 0.001—as the noise cutoff. Scores above this cutoff were “yes”
under the “detectable?” column of Table 1. For MIR genes,
BLASTN to Viridiplantae (green plants) at NCBI was performed
for each “Not Ancestral” gene. The results were often spotty
throughout the plant kingdom, leading to the “high birth-and-
death” notation in Tables 1 and 2, as described in the text.

After our At—Cp results were almost complete, we obtained
the French grape genome as a second outgroup. We did not use
pre-made GEvo links to anchor At:Cp:Vv orthologous chromo-
somes. Rather, we created our own anchors using a tool in our
CoGe platform of comparative genomics databases and tools
called “CoGe BLAST”: http://synteny.cnr.berkeley.edu/CoGe/
CoGeBlast.pl. For example, the anchor position (yellow exons) of
At and Cp was from a pre-made menu of GEvo links, anchor in
the middle, grape chromosome derived from CoGe BLAST, where
a Cp syntenic group of exons were merged as a BLASTN query to
a Vv subject with an E < 0.0001 cutoff. The one to three most
likely syntenic Vv regions are made into GEvo links automati-
cally in CoGe BLAST and then evaluated visually. Figure 2 is the
result of one such complete At:Cp:Vv analysis. Note that the four-
gene region of the “Not Ancestral,” verified PPR gene is not in
either Cp nor Vv, although the flanking markers are. Therefore,
all four genes are transposed in the Brassicales branch of the At
lineage. As should be apparent, the flanking gene method was
not automated. We judged that both the choice of candidate
syntenous regions and the invalidation by possible inversions
nearby were too biologically complicated for automation, but
not too complicated to understand if rendered as visual output.
The syntenic gene lists and the GEvo multiple sequence align-
ment viewer and its associated tools in our CoGe platform made
it possible for one annotator to generate the gene family data
reported here in ~400 h. A GEvo tutorial designed for the Arabi-
dopsis (rosid) researcher is available in CoGe, and has been sum-
marized (Lyons et al. 2008).
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