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Abstract. The transfer and integration of tRNA
genes from organellar genomes to the nuclear genome
and between organellar genomes occur extensively in
flowering plants. The routes of the genetic materials
flowing from one genome to another are biased,
limited largely by compatibility of DNA replication
and repair systems differing among the organelles and
nucleus. After thoroughly surveying the tRNA gene
transfer among organellar genomes and the nuclear
genome of a domesticated rice (Oryza sativa L. ssp.
indica), we found that (i) 15 mitochondrial tRNA
genes originate from the plastid; (ii) 43 and 80 nuclear
tRNA genes are mitochondrion-like and plastid-like,
respectively; and (iii) 32 nuclear tRNA genes have
both mitochondrial and plastid counterparts. Besides
the native (or genuine) tRNA gene sets, the nuclear
genome contains organelle-like tRNA genes that
make up a complete set of tRNA species capable of
transferring all amino acids. More than 97% of these
organelle-like nuclear tRNA genes flank organelle-
like sequences over 20 bp. Nearly 40% of them col-
ocalize with two or more other organelle-like tRNA
genes. Twelve of the 15 plastid-like mitochondrial
tRNA genes possess 5'- and 3’-flanking sequences
over 20 bp, and they are highly similar to their plastid
counterparts. Phylogenetic analyses of the migrated
tRNA genes and their original copies suggest that
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intergenomic tRNA gene transfer is an ongoing
process with noticeable discriminatory routes among
genomes in flowering plants.
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Introduction

Among flowering plants, the nuclear genomes often
contain significant DNA fractions similar to mito-
chondrial DNA (mtDNA) and plastid DNA
(ptDNA), which are termed nuclear mtDNA
(NUMT) and nuclear ptDNA (NUPT), respectively
(Lopez et al. 1994; Timmis et al. 2004). Likewise,
their mitochondrial genomes also have DNA se-
quences originated from plastid genomes, desig-
nated MTPT (Thorsness and Weber 1996; Timmis
et al. 2004). NUMTs, NUPTs, and MTPTs are
assumedly generated via nonhomologous recombi-
nation among nuclear and organellar genomes and
subsequently reintegrated into their final destinies
(for reviews, see Noutsos et al. 2005; Richly and
Leister 2004a, b; Timmis et al. 2004). Regarding
how organellar DNA transfers to nuclear genomes
and between organellar genomes, two interpreta-
tions—bulk-DNA and cDNA-mediated hypothe-
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ses—have been proposed. The bulk-DNA hypoth-
esis suggests that gene transfer is a result of
recombination promoted by a large amount of es-
caped organellar DNA (Henze and Martin 2001;
Thorsness and Weber 1996). The cDNA-mediated
hypothesis assumes that a cDNA intermediate of
organellar mRNAs is a vector transferring genes to
the nucleus or interorganelles, based on studies
across distant taxa (Adams and Palmer 2003;
Adams et al. 2002; Brennicke et al. 1993). As a
matter of fact, comparative genomics data in yeast
and higher plants suggest that organelle-to-nucleus
gene transfer is mostly attributable to the bulk-
DNA model. The cDNA-mediated model would be
unnecessary for early evolution of mitochondria
and plastids because of the few observations of
editing and introns in plants, even in free-living o-
proteobacteria and cyanobacteria (Timmis et al.
2004).

Ever since the first discovery of plastid sequences
in a mitochondrial genome (Stern and Lonsdale
1982), almost all sequenced angiosperm mitochon-
drial genomes have been demonstrated to contain
genetic materials of the plastid counterparts, and
mtDNA and ptDNA are also detectable in nuclear
genomes. However, no sequence originated from
mitochondrial or nuclear genomes has ever been
discovered in plastid genomes, and no nuclear se-
quences in mitochondrial genomes (see Cummings
et al. 2003 and references therein). It is reasonable
to think the flow of genetic materials among or-
ganellar and nuclear genomes is actually biased,
although DNA transfer and integration from
plastids to mitochondria are ubiquitous and ongo-
ing in flowering plants. As a relic of evolution,
mitochondrial tRNA (mt-tRNA) genes show a
characteristic of double origin: native and plastid-
derived. The different copies of tRNA genes with
very significant sequence similarities (95%—-100%) to
their organellar counterparts are generally referred
to as plastid-like (pt-like) or mitochondrion-like
(mt-like). In mitochondria, pt-like mt-tRNA genes
account for nearly one-third of all tRNA genes in
flowering plants. The rest lacking or with sequence
similarity of <80% to their plastid counterparts are
referred to as native (or genuine) mt-tRNA genes
(Hoffmann et al. 2001; Marechal-Drouard et al.
1993). This double-origin feature is considered un-
ique to mt-tRNA genes in flowering plants, because
the phenomenon has not yet been identified in
liverwort (Marchantia polymorpha) and other lower
plants (Oda et al. 1992), even in green alga. The
case of mitochondrial pt-like tRNA genes in rice
(Oryza sativa, cultivar Nipponbare) has been de-
scribed recently (Notsu et al. 2002). Nine species
(lrnCGCA, trnFGGA, trnHGTG, thCAT, trnNGTT,
trnPT9Y mRTT, rnS4, and trnWCCA) of all

full-length mt-tRNA genes share remarkable se-
quence similarities (97%—-100%) with their plastid
counterparts. Compared with the sequences of
other higher plants, mitochondrial rnC“““? and
trnFe“4 are often plastid-originated among mono-
cotyledons (such as rice, maize, and wheat) but are
native among dicotyledons, such as Arabidopsis,
sugar beet, and tobacco (Veronico et al. 1996).

Moreover, DNA sequence transfer from orga-
nellar genomes to the nuclear genome occurs fre-
quently in many eukaryotic cells. NUMTs and
NUPTs identifiable with high identity (95%—100%)
to their mitochondrial and plastid counterparts have
been found in almost all characterized dicotyledons
and monocotyledons thus far (Richly and Leister
2004a, b). Investigations of Matsuo and colleagues
revealed that rice nuclear DNA with ptDNA inte-
grations has experienced rapid fragmentations and
vigorous shuffling, and an equilibrium between fre-
quent integration and rapid elimination of the
ptDNA seems to exist among the organellar frag-
ments and the nuclear chromosomes (Matsuo et al.
2005). Furthermore, the transfer of ptDNA to the
nucleus has also been detected under experimental
conditions in tobacco (Nicotiana tabacum) (Huang
et al. 2003; Stegemann et al. 2003). Large blocks of
mtDNA sequences are also found in the nuclear
chromosomes of Arabidopsis, rice, yeast, and human
(Blanchard and Schmidt 1996; Noutsos et al. 2005;
Richly and Leister 2004a; Woischnik and Moraes
2002). Therefore, plant nuclear genomes acquire a
large number of genes from endosymbiotic organ-
elles, accompanied by frequent and numerous gene
gains and losses in organellar genomes, especially in
mitochondria (Adams and Palmer 2003; Adams et
al. 2002; Martin and Herrmann 1998; Millen et al.
2001; Palmer et al. 2000). For instance, genes
encoding ribosomal proteins are frequently lost from
mitochondrial genomes, among which the rpsi0
gene was detected to have been lost over 20 times
among 281 angiosperms, as well as the cox2 gene,
which has recently been found transferring from
mitochondria to the nucleus in legumes (Palmer et
al. 2000).

The nuclear genome of flowering plants obtained a
variable amount of tRNA genes originated from
endosymbiotic organelles, following sequence trans-
fer events during their long history of evolution. It is
important to give a detailed documentation of tRNA
gene transfer for species whose genome sequence
becomes available. Based on the complete genome
sequence of a indica rice (Yu et al. 2002; Yu et al.
2005) and those of its mitochondrial (Tian et al. 2006)
and plastid (Tang et al. 2004) genomes, here we draw
a comprehensive map of the tRNA gene transfer to
provide detailed evidence and insights into this phe-
nomenon in flowering plants.



Materials and Methods

Identification of Transferred tRNA Genes in Rice
Nuclear and Organellar Genomes

tRNA genes were all predicted with the program tRNAscan-SE
(Lowe and Eddy 1997). Potential genes with empirical scores >50
and canonical anticodons were considered to be genuine tRNA
genes; and those that had sequence and structure similarities to the
genuine tRNA genes but were functionally inactive due to indels
(insertions and deletions) or lacked functional promoters were re-
ferred to as pseudogenes. To improve the reliability of the predic-
tion, we also performed a BLASTN search against the
nonredundant database of GenBank. To further confirm the pre-
dicted organellar tRNA genes, we also compared them with as
many orthologous sequences as possible from other plants re-
trieved from databases of OGMP (the Organelle Genome Meg-
asequencing Program; http://megasun.bch.umontreal.ca/
ogmpproj.html) and PLMItRNA (Rainaldi et al. 2003).

To identify organelle-like tRNA genes from nuclear genomes,
we performed similarity searches with BLASTN (Altschul et al.
1990), with an e value of 10 for the parameter of maximum
expectation and default values for all other parameters. To search
NUPTs, NUMTSs, or MTPTs, we performed sequence alignments
among rice plastid, mitochondrial, and nuclear genomes with
BLASTN under parameter settings similar to those for tRNA
searches. The genome data used in this work include (i) the im-
proved whole-genome shotgun sequence assemblies (accession
number AAAA02000000) and (ii) the complete genome sequences
of the plastid (accession number AY522329) and mitochondrion
(accession number DQ167399) of the rice Beijing indica.

Phylogenetic Analysis

Phylogenetic relationships were determined for homologous tRNA
genes present in rice plastid, mitochondrial, and/or nuclear ge-
nomes, along with relevant orthologous sequences retrieved from
GenBank, which include those from other higher and lower plants,
as well as green algae and red algae. Multiple sequence alignments
were performed using the program CLUSTAL_W version 1.83
(Thompson et al. 1994). Phylogenetic relationships were deter-
mined by maximum likelihood analyses using the program
PHYML version 2.4.4 (Guindon and Gascuel 2003; Guindon et al.
2005). Parameters of the maximum likelihood model were set as
follows: four nucleotide substitution rate categories as the default;
the HKY model (Hasegawa et al. 1985) for nucleotide substitution;
d alpha, the value of the gamma distribution shape parameter,
optimally estimated by maximizing the likelihood of the phylogeny.
All these initial parameters were implemented in the heuristic
search for estimating maximum likelihood phylogenies. For the
final tree, 100 bootstrapped replicates were examined, and a con-
sensus tree was constructed using the program CONSENSE of the
PHYLIP package (Felsenstein 1993). All trees were displayed and
compiled manually using the program TreeExplorer of MEGA
version 3.1 (Kumar et al. 2004).

Results

tRNA Gene Transfer from the Plastid Genome to the
Nuclear Genome

The rice plastid genome comprises 31 tRNA genes,
including 3 pseudogenes and a complete set of tRNAs
for all amino acids. Chromosomal localization of

301

Nucleus
564 Chloroplast
) 16 5
@"{1 ........ SR o T o
1 Be-

4

Mitochondrion

Fig. 1. Diagram showing the proposed pathways of tRNA gene
transfer from organelles to the nucleus and between organelles.
Arrows show the directions of tRNA gene transfer from the plastid
(green) to the mitochondrion and the nucleus, and from the
mitochondrion (blue) to the nucleus. The lines ending in circles
indicate nuclear tRNA genes homologous to the connected orga-
nellar counterparts but without supporting evidence that transfer
from the organelles actually occurred. The dashed lines link unin-
terpretable pathways of tRNA gene transfer. The numbers are
copies of tRNA genes in the nucleus, plastid, and mitochondrion,
which are grouped as unique and shared copies among all three
genomes.

tRNA genes and sequence comparisons between the
plastid and the nuclear genomes revealed that 25 of
the plastid tRNA (pt-tRNA) genes have excellent
sequence similarities (95%—100%) with the nuclear
counterparts or poorer sequence similarities but
longer NUPTs (>150 bp). The rice nuclear genome
possesses 81 pt-like tRNA genes, accounting for
12.2% (564 native nuclear tRNA genes have been
identified from indica rice [Wang et al. 2004]) of the
tRNA gene content of the nuclear genome (Fig. 1).
A full-scale analysis of the pt-like tRNA genes in
the rice genome revealed several significant features
that are unique to rice in contrast to other flowering
plants. pt-like tRNA genes are distributed across all
12 chromosomes (Fig. 2A and Supplementary Fig.
S1). Chromosomes 1, 3, 5, and 10, each with 10 pt-
like tRNA genes, are the popular targets of pt-tRNA,
as opposed to chromosomes 7, 8, and 9, each con-
taining fewer than three pt-like tRNA genes. More
than 92% of pt-like tRNA genes are discovered from
NUPTs, with a sequence length of >150 bp and
identities ranging from 84% to 100% compared with
ptDNAs. The #rnH®"® gene is the most frequently
transferred one among all pt-like tRNA genes. Nine
copies of trnH™® are found on six chromosomes,
with transfer fragments (NUPTSs) varying from 204 to
2966 bp. The identities between pt-trnH’¢ and
NUPTs vary from 98% to 100%. In addition, six
clusters of cp-like tRNA genes are identified on 11
NUPTs: trnW<““trnP"®“ on Chrl and Chrl0,
trnHTO-trnI“T on Chr3 (two copies) and Chrll,
trnl“T-grnL“ on Chr4 (2 copies), trnNT7-
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Fig. 2. Distributions of mitochondrion-like and plastid-like
tRNA genes on nuclear chromosomes (1, 3, 5, 7, 9, and 11; A) and
between organellar genomes (B). In A, positions of nuclear chro-
mosomes (Y-axis; color-coded) and plastid (upper X-axis) and
mitochondrial (bottom X-axis) genomes are indicated. Colored
solid circles and crosses indicate mt-like and pt-like tRNA genes,
respectively. The horizontal bars mark repeat regions ( >5 kb; blue,
cyan, green, red, and brown for different types) of the mitochon-
drial and plastid genomes, as well as the native (brown) and
organelle-like tRNA genes (green). Solid circles with short vertical
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Chr12 (Supplementary Table S1).
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tRNA Gene Transfer from the Mitochondrial Genome
to the Nuclear Genome

In the nuclear genome, 43 intact mt-like tRNA genes
are identified from all 12 chromosomes, constituting
approximately 6.6% of the tRNA gene content in the
rice nuclear genome (Fig. 2A and Supplementary
Fig. S1). These mt-like tRNNA genes are located on
NUMTs, with sequence lengths varying from 82 to
8423 bp. The identities between mt-like nuclear
tRNA genes and their mitochondrial counterparts
vary from 84% to 100%, while those between the
NUMTs and the mitochondrial sequences vary to a
slightly larger extent (82% to 100%; Supplementary
Table S1).

All mt-like nuclear tRNA genes are homologous
to 18 (of 22) of full-length mt-tRNA genes, among
which 9 are pt-like (Table 1). In other words, all pt-
like mt-tRNA genes have homologous counterparts
in the rice nuclear genome (Fig. 1). Did these tRNA
genes transfer from mitochondria to the nucleus or
from plastids to the nucleus? Our analysis of the
corresponding MTPTs, NUMTs, and NUPTs con-
taining these tRNA genes revealed that (i) the
NUMTs of seven tRNA genes are larger than their
NUPTSs in sequence size, suggesting that these tRNA
genes may experience a process—originating in the
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bars anchored on the X-axis represent tRNA genes with counter-
parts in the nuclear genome. In B, solid magenta circles indicate the
positions of plastid-like tRNA genes in the two organellar ge-
nomes. Solid black circles indicate similar DNA segments (with
>90% similarity and >100-bp length) between the organellar ge-
nomes. The tRNA genes and their pseudogenes (gray) or truncated
forms (asterisks) are also indicated. Sequence repeats (>5 kb) are
also color-coded (as in A) as vertical or horizontal bars next to the
X- and Y-axes.

plastid, subsequently migrating to the mitochon-
drion, and, finally, being integrated into the nuclear
chromosomes; and (ii) 19 tRNA genes are located on
NUPTs larger than NUMTs, implying that these
tRNA genes originated in the plastid and subse-
quently migrated to the nuclear genome without the
mitochondrial intermediates. The organelle-like nu-
clear tRNA genes, such as trnCA, ynNCTT,
trnPTCT and trnW €4, all have both mitochondrial
and plastid homologues that probably migrated via
two different routes, direct or mitochondrion-medi-
ated, from the plastid to the nucleus. In addition, four
copies of trnM“*T and two copies of trnH™C are
located on NUMTSs of the same size as their NUPTs,
therefore their transfer routes are uninterpretable
based solely on the current information.

The remaining nine native mt-tRNA genes have 11
homologues in the nuclear genome (Supplementary
Table S1). Namely, these tRNA genes were mito-
chondrion-derived, and among them, five mt-like
tRNA genes (trnPTGG, trnQTTG, trnSCT, trnSTEA,
and trnY?"™) coexist with nucleus-native and pt-like
homologues in the rice nuclear genome. Although
these tRNAs account for identical functions in car-
rying amino acids, they vary greatly in their DNA
sequences in the rice nuclear genome. Therefore, the
rice nucleus encompasses trn P19, trnQTTG, trnSeCT,
trnST, and rnY®™ with different originations:
plastid-derived, mitochondrion-derived, and nucleus
vertically inherited.
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Table 1. Features of mitochondrial tRNA genes in flowering plants
Monocotyledon Dicotyledon

tRNA? Length (bp)° Position (bp)© Rice? Maize® Wheat® Arabidopsis Tobacco®
4T6C o o o o o o o
CocA 71 391839-391769 ne/pt ne/pt ne/pt nc/na Na
ceea 72 338018-338056, 338104-338137 nc/na’ — — — —
DOTC 74 65427-500 na Na nc/pt nc/pt Pt
ETTC 72 377031-377102; 458144-458215 nc/na nc/na Na nc/na Na
FOAA 73 360445-360517; 441558-441630 nc/pt Pt nc/pt — —
FOAA — — — — na” nc/na Na
GEce — — — — — nc/na Na
HETE 74 32818-32745; 127878127805 ne/pt ne/pt — nc/pt Pt
[CAT 74 64701-64628 na Pt — nc/na Na
[CAT 30 60918-60889 ne/ptt ne/pt? — ptt Pt
KT 73 70432-70360 nc/na Na nc/na na Na
L4 38 360080—-360117; 441193-441230 pt' na” pt' — —
LCAA o o - pt'/‘ o o o
LEAC 74 185086-185013 na” — — — —
MEAT 73 54901-54829 na Na — — —
MEAT 73 26691-26763; 121751-121823 ne/pt Pt — nc/pt Pt
NOETT 72 66262-66191 nc/pt Pt nc/pt nc/pt Pt
pTeo 75 9779-9853; 104839-104913 ne/na ne/na Na nc/na Na
pree 74 35764-35837; 130824-130897 nc/pt¥ Pt pt” — Pt
pToe — — — nc/na” — — —

TG 72 45751-45680; 140811-140740 nc/na Na Na nc/na Na
RACC — — — ne/pt? — — —
RTCT 72 408276408205 nc/pt¥ — — — —
sraa 87 262560-262646 nc/na Na nc/na nc/na Na
§ocT 88 337680-337767 nc/na Na nc/na nc/na Na
§EGA 87 358820-358906; 439993440019 ne/pt — ne/pt ne/pt Pt
YGGT — — — — na‘” — —
pTac _ o o ptl// o _ _
weea 74 131040-131113 nc/pt nc/pt nc/pt nc/pt Pt
yoTa 83 364070-364152; 445183-445265 nc/na Na Na nc/na Na
yoTa — — — — — nc/na' —
fMEAT 74 189683189610 nc/na Na Na nc/na Na
No.f 13/10/17 12/12/- 13/7/18 12/8/—

Note. YPseudo-tRNA genes, based on the complete genome annotation, PLMItRNA database and predictions of tRNAscan-SE (see

Materials and Methods). ‘Truncated mt-tRNA genes.

% tRNA genes are indicated by capital letters according to the one-letter code and their anticodons. Italic letters indicate commonly lost

tRNA genes in plant mitochondrial genomes.
® Lengths of mt-tRNAs in the genome of indica rice 93-11.

¢ Positions from 5’- to 3’-terminals of tRNA genes in the rice mitochondrial genome. A semicolon separates multiple copies of a tRNA gene,

and a comma separates the exons of 7rnC,

9 Dashes denote that the tRNA gene was unidentifiable or originally nonexistent in the mitochondrion. nc, mt-tRNA having nuclear

counterparts; pt, plastid-like mt-tRNA; na, native mt-tRNAs.

¢ The organellar genomes of maize and tobacco are sequenced, but not their nuclear genomes. Wheat has a single plastid genome sequenced.
The nuclear counterparts of the maize and tobacco mt-tRNAs were identified from nuclear DNA segments and EST data in GenBank. na
and/or pt characteristics of wheat mitochondrial tRNA are referred to the PLMI-tRNA database (see Materials and Methods).

" Numbers of na-mt-tRNA/pt-mt-tRNA/nc-mt-tRNA; dashes indicate the absence of the corresponding nuclear genome data.

pt-like tRNA Genes in the Mitochondrial Genome

The number and species of pt-like tRNA genes in
mitochondrial genomes have been investigated in
various flowering plants (Table 1), and here we at-
tempt to address the transfer routes based on the
distribution of pt-like mt-tRNA genes and MTPTs.
The size and number of MTPTs appear to be larger in
rice and maize than in Arabidopsis and tobacco,
respectively, in sharp contrast to the number and

species of pt-like mt-tRINA genes. Several subtle dif-
ferences also exist in these four higher plants. For
instances, two-thirds of pt-like mt-tRNA genes are
located in the repeat regions of the rice mitochondrial
genome, as opposed to all their plastid counterparts,
which are distributed randomly on the plastid gen-
ome (Fig. 2B and Supplementary Table S2). More-
over, in maize almost all pt-like mt-tRNA genes seem
to transfer from inverted repeat regions of its plastid
genome and be randomly scattered over its mito-
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chondrial genome (Supplementary Fig. S2, A). In
Arabidopsis and tobacco, however, the pt-like mt-
tRNA genes are distributed in a very similar way but
with different patterns, in terms of gene order and
interspaces (Supplementary Figs. S2, B and C). Dif-
ferent distribution patterns of pt-like mt-tRNA genes
can almost certainly be attributed to tandem dupli-
cations, extraneous DNA migrations, and integra-
tion-reintegration cycles occurring in mitochondrial
genomes of flowering plants, especially after the
divergence of dicotyledons and monocotyledons.

tRNA Gene Transfer Through a DNA-Mediated
Pathway

Gene transfer from organelles to the nucleus in gen-
eral follows two different molecular pathways: DNA-
mediated (Lopez et al. 1994) and RNA-mediated
(Nugent and Palmer 1991). Our study supports the
DNA-mediated pathway and the bulk DNA
hypothesis. Of all nine pt-like mt-tRNA genes, seven
are located on MTPT fragments longer than 150 bp.
Likewise, among all mt-like (43 copies) and pt-like
(80 copies) nuclear tRNA genes, only 7 copies are
located on NUMTs and NUPTs of <150 bp (from 82
to 117 bp) (Supplementary Table S1). After further
investigation of tRNA genes with NUMTs, NUPTs,
or MTPTs >150 bp and even on their 5- and 3’-
flanking sequences, we reached the result that almost
all flanking fragments of transferred tRNA genes
contain intergenic regions, noncoding regions, and
introns that are similar to their source organellar
genomes in gene order and interspaces.

Phylogenetic Analysis of Transferred tRNA Genes

Organelle-like genes are usually considered to be
molecular fossils in nuclear genomes for evolutionary
relationship analyses (Bensasson et al. 2001; Timmis
et al. 2004; Woischnik and Moraes 2002). In phylo-
genetic analysis of transferred tRNA genes, we
aligned sequences of rice nuclear pt-like and/or mt-
like tRNA genes with corresponding organellar
tRNA genes from rice and several other distant plant
species, including lower plants, green alga, and red
alga. Subsequently, the phylogenetic trees were con-
structed based on the maximum likelithood method
(detailed under Materials and Methods).

Since the current data collection is not adequate to
cover enough variations and to yield fully interpret-
able topologies, we focus our analysis on a few tRNA
genes. First, phylogenetic trees of rrnH®’® and
trnN“"" show a confinement of all organelle-like
nuclear genes, which cluster within branches of
flowering plants, suggesting that the relevant transfer
events occurred only in these plants. In other words,

some of the transferred genes have obvious lineage-
specific signatures (Figs. 3A and B). Second, these
genes are not simply concentrated around branches
of mitochondria or plastids of different origins, but
resolved to modules that show organelle specificity.
Third, the gene transfer events seem to happen sev-
eral times, as indicated by other phylogenetic trees for
the tRNA genes, such as those for trnRTCT trnw €A,
trn VA nRTT | and 1rnS°CT (Supplementary Fig.
S3), together with rrnH"® and truN“"7, all of which
have counterparts in the mitochondrial or plastid
genomes (Supplementary Table S1). Fourth, some of
the transferred tRNA genes show single organellar
origins, such as rrn Y’ and t#rnS7°“ (Figs. 3C and
D), both of which are native mt-tRNA genes, com-
pared with #rnH®"% and trnN°"", both of which are
pt-like mt-tRNA genes.

Discussion

Overview of Flowering Plant tRNA Genes

Flowering plants contain an incomplete set of tRNA
genes for protein syntheses inside mitochondria.
However , a full set of tRNA is absolutely necessary
for carrying all amino acids, so the missing tRNA
genes in mitochondria could be supplied by the nu-
cleus (Dietrich et al. 1992; Marechal-Drouard et al.
1993; Veronico et al. 1996). Furthermore, contem-
porary mt-tRNA genes have a distinct genesis in
flowering plants, either from their vertical ancestors
or from endosymbiotic gene transfers. The species
and the number of pt-like mt-tRNA genes varied
widely among flowering plants, showing a clear trend
toward losing native tRNAs and continuing transfer
events among the organellar and nuclear genomes
(Kumar et al. 1996; Small et al. 1999).

The rice mitochondrion contains nine full-length
pt-like tRNA genes, accounting for one-third of its
tRNA gene content. Likewise, of the rice nuclear
tRNA gene content, 91 tRNA genes are cp-like or
mt-like, among which 32 copies are homologous to its
pt-like mt-tRNA genes. The 5’- and 3’-flanking se-
quences of these 32 tRNA genes show that (i) the
majority (21 copies) of them follow a transfer route
from the plastid to the nucleus, rather than from the
mitochondrion to the nucleus; (ii) six copies appear to
be constantly moving around in the rice endosymbi-
otic environment, transferring from the plastid to the
mitochondrion and subsequently to the nucleus; and
(iii) transfer routes of the rest (five copies) are unin-
terpretable at present.

NUMTs/NUPTs/MTPTs containing tRNA genes
indicate a consistent range of identities from 82% to
100% (82 to 8243 bp in sequence length) compared
to their source organeclles. These data suggest that
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Fig. 3. Phylogenetic trees of trnH®™® (A), 1rnST°4 (B), trny©™
(C), and trnS°CT (D) from organellar genomes and their nuclear
counterparts. Trees were constructed using the maximum likeli-
hood method. Bootstrap values, calculated from 100 repetitions,
are labeled at branching nodes. Rice organelle-like nuclear genes
are labeled with their chromosome positions, and ptL, mtL, and un
in parentheses depict plastid-like, mitochondrion-like, and unin-
terpretable tRNA genes, respectively. Organellar genes are labeled
with their species names and origins. For mt-tRNA genes, N and
ptL indicate the origins as native and plastid-like, respectively. The
plastid and mitochondrial tRNA gene sequences retrieved from

tRNA genes transfer endosymbiotically under an
ongoing process, despite several exceptions in
NUMTs and NUPTs of other eukaryotic species
(Blanchard and Schmidt 1996; Richly and Leister
2004a, b; Woischnik and Moraes 2002). The high
identities of NUMTs/NUPTs/MTPTs to their source
organellar DNA suggest that the tRNA genes located
on them may have transferred in the recent past. The
low identities reflect a higher mutation rate of the
nuclear genomes compared with organellar genomes
after tRNA genes remained in the nuclear genomes
(Palmer et al. 2000; Tang et al. 2004).

Maize mt (N)

GenBank and OGMP are as follows: (1) monocotyledons—rice
(Oryza sativa; AYS522329) and maize (Zea mays; AY506529,
NC_001666); (2) dicotyledons—Arabdiposis (Arabidopsis thaliana;
NC_001284, NC_000932), tobacco (Nicotiana  tabacum;
NC_006581, NC_001879), and sugar beet (Beet vulgaris;
NC_002511); (3) liverwort (Marchanta polymorpha, NC_001660,
NC_001319); (4) Chlorophyta—Chara (Chara vulgaris; AY267353)
and Nephroselmis (Nephroselmis olivacea; AF110138, NC_000927);
and (5) Rhodophyta—Porphyra (Porphyra purpurea; NC_002007,
NC_000925) and Cyanidioschyzon (Cyanidioschyzon merolae;
NC_000887, NC_004799).

Mechanisms and Frequencies of tRNA Gene Transfer

Analyzing the rice data, we discovered noncoding,
intronic, and intergenic sequences of the original ge-
nomes in the majority of NUPTs, NUMTs, and
MTPTs with sequence lengths > 150 bp. The infor-
mation-rich sequences provide evidence supporting
the bulk-DNA mechanism, despite a few exceptions
where several tRNA genes are located on short
transfer fragments (<150 bp). Meanwhile, we could
not find sufficient information for the cDNA-medi-
ated transfer model.
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The transfer frequency from organelles to the nu-
cleus is rather distinct for different tRNA genes.
Several nuclear tRNA genes possess more than five
copies of organellar counterparts, such as trnH®",
tnIT ) rn L) rnPTCC,) and rnRACC, whereas
others barely have a single organellar copy. The
higher copy number of an organelle-like tRNA gene
in the nuclear genome may be attributed to relatively
frequent duplications of nuclear DNA after the
migration of organellar DNA and multiple transfer
events of an individual tRNA gene. If the higher copy
number of an organelle-like tRNA gene is generated
by genome duplications (Wolfe and Shields 1997; Yu
et al. 2005), the length and the similarity of the cor-
responding NUMT/NUPT should be nearly identical
for a given tRNA gene. Otherwise, the high frequency
may be a consequence of continuing transfer events
occurring at different stages of evolutionary pro-
cesses.

The phylogenetic analyses also revealed powerful
signatures of tRNA gene transfer, especially when the
available data were genome-wide and capable of
comparison with other flowering plants, as well as
lower plants, green alga, and red alga. In our data,
the trees for trnH™® and trnN"" genes show that
some of the pt-like nuclear tRNA genes are clustered
within a branch of the rice plastid genes, whereas
several others branched out and were separated into
other flowering plants. The clustered group in this
case not only suggests the frequency of the transfer
events, but also shows the possible timing in an
evolutionary context. The branching-out events sup-
port the idea that independent transfer events may
have occurred at different stages of flowering plant
evolution. In addition, we must consider the different
mutation spectra and rates of the nuclear, plastid,
and mitochondrial genomes. Mutation rates are
much higher in the nucleus than in the plastid and
mitochondrion of rice and other flowering plants
(Cho et al. 2004; Palmer et al. 2000; Tang et al. 2004;
Tian et al. 2006; Yu et al. 2002), so the topology of
different phylogenetic trees built with data from the
different genomes has to be interpreted with caution.

Expression of Transferred tRNA Genes

tRNA genes located on transferred ptDNA provide
the only instance where pt-like tRNA genes are
actually capable of expression in mitochondria of a
flowering plant (Fey et al. 1997). Can all pt-like
tRNA genes transcribe and mature to become func-
tional in mitochondria, and can any organelle-like
tRNA genes in the nucleus? Miyata and colleagues
proved that seven pt-like tRNA genes (trnC, trnF,
trnH, trnM, trnN, trnS, and trnW) were transcribed
and precisely matured in the rice mitochondrion

(Miyata et al. 1998). Likewise, active pt-like mt-
tRNA genes have been found in other flowering
plants, such as potato mt-tRNA trnH, trnM, trnN,
trnS, and trnW (Fey et al. 1997; Marechal-Drouard
et al. 1990) and wheat mt-tRNA trnC, trnF, trnM,
trnN, trnS and trnW (Ceci et al. 1993; Joyce and
Gray 1989). For activation of transferred tRNA
genes in a target genome, the following two simple
criteria are potentially satisfied: maintaining func-
tional promoters from their original ancestors after
transfer and acquiring the regulatory elements from
the target genome. We believe that the expressed
tRNA genes in the former case are probably those
with longer flanking sequences at both ends, and
those fitting the latter case must have shorter
MTPTs. However, it is difficult to draw reliable
conclusions without experimental verification. A
complete picture of tRNA gene transfer and its rules
among flowering plants and their lower relatives is
yet to be painted when more genome sequences
become available.
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