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ABSTRACT 

Mitochondrial ribosomes contain bacterial-type proteins reflecting their endosymbiotic heritage 

and a subset of these genes is retained within the mitochondrion in land plants. Variation in gene 

location is observed however, because migration to the nucleus is still an ongoing evolutionary 

process in plants. To gain insight into adaptation events related to successful gene transfer, we 

have compiled data for bacterial-origin mitochondrial-type ribosomal protein genes from the 

completely-sequenced Arabidopsis and rice genomes. Approximately 75% of such nuclear-

located genes encode amino-terminal extensions relative to their E. coli counterparts, and of that 

set, only about 30% have introns at (or near) the junction in support of an exon shuffling-type  

recruitment of upstream expression/targeting signals. We find that genes which were transferred 

to the nucleus early in eukaryotic evolution have on average about two-fold higher density of 

introns within the core ribosomal protein sequences than do those that moved to the nucleus 

more recently. About 20% of such introns are at positions identical to those in human orthologs, 

consistent with their ancestral presence. Plant mitochondrial-type ribosomal protein genes have 

dispersed chromosomal locations in the nucleus, and about 20% of them are present in multiple 

unlinked copies. This study provides new insights into the evolutionary history of endosymbiotic 

bacterial-type genes which have been transferred from the mitochondrion to the nucleus.  
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INTRODUCTION 

Mitochondria have their own distinctive translation systems to direct the synthesis of proteins 

encoded by the organelle genome, and central to this process is the ribosome. It comprises two 

subunits (denoted as LSU and SSU) made up of ribosomal RNAs and proteins, and traces of its 

bacterial endosymbiotic ancestry are evident from sequence comparisons (reviewed in Lang and 

Gray 1999). Proteomic analysis of mammalian mitoribosomes (Koc et al. 2001a, 2001b) has 

established the presence of 78 different proteins (49 LSU and 29 SSU), which include homologs 

for all but twelve of the 54 proteins in E. coli ribosomes (33 LSU and 21 SSU) (reviewed in 

O’Brien et al. 2005). Little is known about the role of the 36 additional novel proteins acquired 

during eukaryotic evolution, although it has been suggested that some may have taken over 

certain ribosomal RNA functions because animal mitochondrial 16S LSU and 12S SSU rRNAs 

are much shorter than in bacteria (cf. 23S and 16S rRNAs). In contrast, plant mitochondrial 

rRNAs are quite long (26S/18S), but as yet the protein composition of mitoribosomes in plants 

has not been fully elucidated (reviewed in Bonen 2004). It does appear however, that they too 

contain about 80 proteins based on early electrophoretic analysis of potato and broad bean 

mitochondrial ribosomes (Pinel et al. 1986; Maffrey et al. 1997), and the number listed in plant 

mitochondrial proteomic databases continues to grow (cf. Arabidopsis mitochondrial protein 

database, Heazlewood and Millar 2005).  

 During eukaryotic evolution, many of the bacterial-type genes, including ribosomal 

protein ones, have been transferred from the mitochondrion to the nucleus (reviewed in Lang et 

al. 1999; Timmis et al. 2004). Indeed in animals, all ribosomal protein genes are nuclear-located, 

while in plants and certain protists, some are still in the mitochondrion and in certain cases have 

retained remnants of ancestral bacterial operon gene order (reviewed in Lang et al. 1999). The 
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mitochondrial genome of the protist Reclinomonas americana, which has been described as 

resembling a “eubacterial genome in miniature” (Lang et al. 1997) has 27 bacterial-type 

ribosomal protein genes, and in virtually all other eukaryotes examined to date, their 

mitochondrial-encoded ones are a subset of the Reclinomonas ones (Gray et al. 2004). Sixteen 

such ribosomal protein genes are present in the mitochondrion of the bryophyte, Marchantia 

polymorpha (Takemura et al. 1992) and in flowering plants, the mitochondrial-encoded subset 

drops to a maximum of 14, namely S1-S4, S7, S10-S14, S16, L2, L5, L16 (reviewed in Adams et 

al. 2002a; Adams and Palmer 2003). Such comparisons have provided insight into the timing of 

ribosomal protein gene transfer events, and flowering plants are particularly interesting because 

functional gene transfer to the nucleus is still occurring (Adams et al. 2002a). Plant 

mitochondrial genes (unlike those in yeast or animals) use the standard genetic code so that 

present-day transfer is not precluded. However because their coding regions typically undergo 

amino acid-altering RNA editing and some genes contain group II-type introns, successful 

transfer presumably involves processed RNA intermediates. The acquisition of appropriate gene 

expression signals and targeting information to guide the protein back into the mitochondrion has 

been documented to be achieved in various ways (reviewed in Adams and Palmer 2003; Timmis 

et al. 2004), for example by recruiting duplicated copies of amino-terminal presequences from 

pre-existing mitochondrial-type nuclear genes (cf. S10, Adams et al. 2000) or hitch-hiking via 

alternative splicing when located within the intron of a “host” nuclear gene (cf. S14, Kubo et al. 

1999; Figueroa et al. 1999). After a transition stage when potentially functional copies co-exist in 

both the mitochondrion and the nucleus, one copy presumably becomes superfluous and is lost. 

Indeed remnant ribosomal protein pseudogenes (or their complete absence) in various plant 

mitochondrial genomes have been correlated with recently re-located functional nuclear copies. 
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Interestingly, there is as yet just one characterized case of a ribosomal protein gene in a transition 

stage, namely L5 in wheat (Sandoval et al. 2004). If a nuclear gene copy is not successfully 

established after a period of co-existence, the functional mitochondrial copy will be retained, as 

is the case for S19 in rice in contrast to other cereals where the nuclear copy has “won out” 

(Fallahi et al. 2005). Furthermore, ribosomal protein genes can have surprisingly complex 

evolutionary histories. For example, in some plant lineages (such as Arabidopsis) the L2 gene 

has been fractured into two segments, with one encoded in the nucleus and the other in the 

mitochondrion (Adams et al. 2001), and there are intriguing cases of the recapture of alien S2 

and S11 ribosomal protein genes after earlier loss from the mitochondrion (Bergthorsson et al. 

2003).  

 Although absence of an intact ribosomal protein gene from the mitochondrion is usually 

correlated with its movement to the nucleus, other possibilities include the protein no longer 

being needed in the ribosome or its function having been taken over by another protein. In plants, 

obvious candidates for the latter are chloroplast-type nuclear genes, and indeed the recruitment 

of a duplicated chloroplast-origin S13 homolog has been experimentally documented for 

Arabidopsis (Adams et al. 2002b; Mollier et al. 2002). In contrast, there is still a native 

functional S13 gene copy in the rice mitochondrion (Notsu et al. 2002). It should be noted that 

the chloroplast ribosome contains 58 proteins (33 LSU and 25 SSU) based on spinach proteomic 

analysis (Yamaguchi et al. 2000; Yamaguchi and Subramanian 2000), of which only 22 are 

chloroplast-encoded. Six of the nuclear-encoded chloroplast ribosomal proteins have been 

categorized as “plastid-specific” (Yamaguchi and Subramanian 2003) and orthologs for bacterial 

L25 and L30 are absent. A second group of candidates for being recruited for a role in 

mitoribosomes are cytosol-type ribosomal proteins, and S8, a duplicated cytosol-origin homolog 

 5



appears to have replaced the “native” mitochondrial counterpart (Adams et al. 2002b). The 

timing of this event is placed early in land plant evolution because a bacterial-type gene is still 

present in Marchantia mitochondria but has not been observed in the mitochondria of flowering 

plants. 

 We are interested in evolutionary events which accompany successful transfer from the 

mitochondrion to the nucleus, in particular how gene structure may be influenced as the 

formerly-mitochondrial gene adapts to its new environment. To this end, we have compiled data 

for the bacterial-origin mitochondrial-type ribosomal protein genes from Arabidopsis thaliana (a 

eudicot) and Oryza sativa (rice, a monocot), which have been separated from a common ancestor 

for at least 150 million years. These plants were selected because complete sequence data are 

available for the mitochondrion (Unseld et al. 1997; Notsu et al. 2002), chloroplast (Sato et al. 

1999; Hiratsuka et al. 1989) and nucleus (AGI 2000; Yu et al. 2002; Goff et al. 2002). In our 

analysis, we focus on a comparison between genes that were transferred to the nucleus early in 

eukaryotic evolution with those that migrated more recently.  

 

MATERIALS AND METHODS 

To identify potential plant mitochondrial ribosomal protein genes, tBLASTn searches were 

conducted using E. coli ribosomal protein sequences (Blattner et al. 1997) to query the 

Arabidopsis and rice nuclear genomes. This query set of 54 proteins did not include E. coli S22  

(AAC74553), a stationary phase-induced ribosome-associated protein which is restricted to a few 

bacterial lineages (not including α-proteobacteria). Note that in the chloroplast nomenclature 

S22 is a different protein (Yamguchi et al. 2000). We also conducted tBLASTn and BLASTp 

searches using mitochondrial proteins from Marchantia (Takemura et al. 1992) Reclinomonas 
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(Lang et al. 1997), human (Koc et al. 2001a, 2001b) and yeast (Gan et al. 2002), the latter two 

sets being nuclear-encoded. Proteomic data from spinach chloroplast (Yamaguchi et al. 2000; 

Yamaguchi and Subramanian 2000; Yamaguchi and Subramanian 2003) were also useful in 

distinguishing chloroplast homologs from potential mitochondrial ones. In the case of rice, 

certain ribosomal protein sequences lacked protein databank entries, and tBLASTx searches of 

EST and nr databanks using Arabidopsis proteins as query enabled identification of putative rice 

homologs. Alignments of these ribosomal proteins from Arabidopsis, rice, E. coli and human 

were carried out using CLUSTALW, with adjustments by visual inspection in certain cases. In 

this way, the junctions between core (ancestral) and non-core (acquired) coding regions were 

also evaluated. 

 Intron positions within the coding regions of the ribosomal protein genes were 

determined by comparisons of mRNA (or EST) data with genomic sequences. In the case of 

Arabidopsis annotated information was available at NCBI, although some genes were listed as 

unknown function or were mis-annotated as putative chloroplast ribosomal proteins. Similarly, 

using the annotated human genome entries for mitochondrial ribosomal proteins (MRP), the 

positions of introns were compared to those in plant homologs.  

 The potential mitochondrial targeting properties of the Arabidopsis nuclear-encoded 

mitochondrial-type ribosomal proteins were assessed using the algorithms Predotar v.1.03 

http://www.inra.fr/predotar/ (Small et al. 2004), TargetP1.1  

http://www.cbs.dtu.dk/services/TargetP/ (Emanuelsson et al. 2000) and PSort 

http://psort.nibb.ac.jp/ (Bannai et al. 2002), with default settings and “plant” being selected as the 

organism group. 
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RESULTS AND DISCUSSION 

Identification of bacterial-origin mitochondrial-type ribosomal protein genes in 

Arabidopsis and rice genomes 

To identify candidate genes for plant mitochondrial ribosomal proteins derived from the 

ancestral α-proteobacterial-type endosymbiont (cf. Esser et al. 2004), we searched the 

Arabidopsis and rice nuclear genomes for homologs to the 54 E. coli ribosomal proteins. This 

was accompanied by comparisons with plant chloroplast proteomic data to eliminate any known 

chloroplast homologs. Similarly, proteomic data for mitochondrial ribosomes from mammals and 

yeast were useful in corroborating designation of mitochondrial-specific ones. In addition, it is 

known from the Arabidopsis and rice mitochondrial genomic sequencing (Unseld et al. 1997; 

Notsu et al. 2002) that 7 and 11 ribosomal proteins respectively, are still encoded within their 

mitochondria (Figure 1). These data are summarized in Table I.  

 For the 54 E. coli ribosomal proteins, we identified 48 mitochondrial-type counterparts in 

rice and 46 in Arabidopsis, the difference being due to the presence of S1 and S13 gene 

orthologs in the mitochondrial genome of rice but in neither the mitochondrial nor nuclear 

genomes in Arabidopsis. However, a chloroplast-type S13 protein encoded by a divergent 

duplicated nuclear gene has been demonstrated to be targeted to the mitochondrion in 

Arabidopsis (Adams et al. 2002b; Mollier et al. 2002) and in an analogous fashion it is possible 

that one of several S1 chloroplast-origin nuclear genes (cf. Table I) may have been recruited for 

mitochondrial use in the Arabidopsis lineage. Similarly for S8, there is experimental evidence 

that the mitochondrial-type has been functionally replaced by a divergent cytosol-origin S8 

(denoted S15a in cytosol nomenclature) in flowering plants (Adams et al. 2002b). It is possible 
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that the five remaining ones (S20, L25, L31, L34, L35, Figure 2, grey bars) escaped detection 

because of sequence divergence or that they are absent from the plant mitoribosome. An 

alternative possibility for S20, L31, L34 and L35 is that nuclear-encoded chloroplast-type 

homologs are dual targeted to both compartments. The sole exception is L25 and this protein is 

also absent from animal/yeast mitoribosomes as well as chloroplast ribosomes.  

 The “core” bacterial-origin coding regions of these plant mitochondrial-type ribosomal 

proteins were determined by alignment with E. coli homologs (Supplementary data available 

upon request) and are shown as black bars in Figure 2, whereas “non-core” extensions are shown 

in white. In several cases, the core sequences are slightly shorter than the length of the E. coli 

protein, but in only two cases do bacterial lengths greatly exceed the mitochondrial ones. The E. 

coli L6 protein has an amino-terminal extension of ~80 amino acids relative to the Marchantia 

and flowering plant mitochondrial counterparts, and the E. coli S1 is approximately 340 amino 

acids longer than in rice mitochondria, with a long carboxy-terminal extension. Several of the 

mitochondrial-encoded ribosomal proteins (notably S2, S3, S4 and L2) have extra domains 

relative to E. coli, and in the case of S2, the mature protein is known to lack the carboxy-terminal 

extension (Perotta et al. 2002).  

 The plant mitochondrial-type ribosomal proteins were divided into four categories 

designated as A-D (Figure 1 and Table I) based on their evolutionary history with respect to 

timing of gene transfer from the bacterial-type endosymbiont to the nucleus during eukaryotic 

evolution. This was inferred by absence of functional ribosomal protein genes in the 

mitochondrial genome. There are 26 genes placed in category A (“early transfer”), that is ones 

which have not been found in the mitochondrial genome of any eukaryote to date, based on the 

jakobid protists, Reclinomonas ameriana and Malawimonas jakobiformis, of which the former 
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has the largest known set of ribosomal protein genes (Gray et al. 2004). Secondly, there are 14 

ribosomal proteins in category B (“mid-era transfer”) based on genes still present in the 

Reclinomonas mitochondrion but not in those of land plants, as indicated by absence in 

Marchantia (although it is not excluded that there have been certain Marchantia-lineage or 

Reclinomonas-lineage specific losses). Among angiosperms, there are 14 ribosomal protein 

genes that have been identified, albeit with lineage-specific variation in their number (Adams et 

al. 2002a) and in our analysis of rice and Arabidopsis, they have been divided into category C 

(“late transfer”) when the gene is nuclear-located in one or both of these plants or category D 

(“native mitochondrial”) when the gene is still in the mitochondrion of both these plants. The 

particularly mobile nature of these genes in flowering plants is illustrated by the presence of 11 

in the mitochondrion of rice compared to 7 for Arabidopsis, and for several of them, namely S10, 

S11 and S14 (Wischman and Schuster 1995; Kubo et al. 2000; Kadowaki et al. 1996; Figueroa et 

al. 1999), there is compelling support for independent transfer events having occurred in these 

two plant lineages (Figure 1).  

 

Intron distribution and density in nuclear-located mitochondrial-type ribosomal protein 

genes 

Using amino acid sequence data in conjunction with genomic and EST information from 

Arabidopsis and rice, we have determined the positions of introns within ribosomal protein 

coding regions (Figure 2) and this is summarized in Table I. A total of 109 introns were 

identified within the coding sequences of the genes for 40 of the 47 different ribosomal protein 

genes which are located in the nucleus in Arabidopsis and/or rice (Figure 2A-C, white triangles) 

as well as two group II-type introns within mitochondrial genes (Figure 2D, grey triangles). 
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Notably 7 genes (3 in category A and 4 in category B) contain no introns within the coding 

regions, although several of these do have an intron within non-translated sequences (cf. Table I, 

numbers in parentheses). Any introns located within bacterial-origin core sequences (Figure 2, 

black bars) presumably were acquired after transfer to the nucleus whereas ones within non-core 

regions might instead have been obtained at the time of integration in the nuclear genome. For 

category A (early transfer) genes, the possibility that the endosymbiont had pre-existing 

(ribozymic) introns which evolved into spliceosomal-type introns in the nucleus is not excluded 

(cf.  Cavalier-Smith 1991).  

 With respect to introns within core regions, the Arabidopsis and rice gene homologs 

show virtually identical profiles for intron positions, the one exception being L9 which has an 

extra intron in rice (Figure 2, dotted oval). Incidentally this intron shows no sequence similarity 

with other (neighbouring) introns or transposable elements (cf. Coghlan and Wolfe 2004), and 

may reflect either recent gain in the rice lineage or loss from the Arabidopsis one. Overall, intron 

positions appear relatively stable during flowering plant evolution, although variation in intron 

length is seen between the two plants, with Arabidopsis counterparts typically being shorter 

(Figure 2, triangle size). For example, Arabidopsis has only one ribosomal protein intron longer 

than 1 kb (within S6) whereas rice has over 20 introns greater than that length. When considering 

intron positions within non-core coding sequences for categories A and B, several differences are 

seen between Arabidopsis and rice (Figure 2, dotted ovals). As expected for category C (recent 

transfer), there is even greater difference in gene structure between rice and Arabidopsis 

counterparts, reflecting lineage-specific independent transfer events.  

 To address the question as to whether transferred genes tend to accumulate introns over 

evolutionary time, we compared the intron density within the core bacterial-origin regions (that 
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is coding sequences which migrated from the mitochondrion rather than being acquired in the 

nucleus as is the case for non-core coding sequences) of early-transferred genes (category A) 

with the more recently transferred gene set (category B). Notably in category C, no introns are 

located within the core regions. Of the 73 core-type introns, the density was 1.7 introns/100 

codons for category A compared to a value of 0.8 for category B (Figure 3). Thus, within the 

core, the early-transferred genes have about 2-fold higher intron density than those transferred 

more recently. In contrast, within the non-core coding regions (which include introns close to the 

junction), intron density is lower and less biased, showing values of 0.7 and 1.0 introns/100 

codons, respectively, for the early and more recently transferred gene sets. Incidentally for the 

non-core regions, there is also a higher number of amino-terminal-located introns than carboxy-

terminal ones (Figure 2).  

 To extend our investigation of intron gain/loss to a longer evolutionary time period, we 

compared the plant intron-exon organization with human mitochondrial homologs. Accurate 

alignment was in some cases difficult because of low amino acid similarity or indels, so we 

restricted our analysis to those exhibiting strong amino acid conservation immediately flanking 

the intron position. For this set of 73 introns (omitting genes which have no orthologs in 

humans), 15 are located at identical positions (Figure 2, black stars; Figure 4A) and an additional 

7 are located within 6 nucleotides of each other (Figure 2, white stars; Figure 4B). The latter 

group show features which have been referred to as “intron sliding” and all but one of them are 

within the same genes as those having identical intron positions. They represent 11 different 

ribosomal protein genes, all except one being in category A, consistent with presence in the 

common ancestor of plants and animals, so dating back over one billion years or so. This set 

includes the L9 gene which has an extra intron in rice compared to Arabidopsis (Figure 2, dotted 
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oval), and that intron is located 12 nt away from the position of one in human MRPL9 (Figure 

4C). Interestingly, in both plants and humans, the L9 gene also has an intron near the amino-

terminal core/non-core junction, and the similarity in amino acid sequence (Figure 4C) raises the 

possibility of a shared history.  

 Typically the human genes have a greater number and much longer introns than their 

plant counterparts (cf. one example being MRPS6-intron 1 which is 51.6 kb long). In addition, 

there are numerous examples of alternatively-spliced transcripts for the human ribosomal protein 

genes, but relatively few for plant ones. Interestingly, one of the Arabidopsis duplicated L14 

genes (designated as HLP, Skinner et al. 2001) has CAG triplet repeats at the intron 2/exon 3 

junction (Figure 4D, underlined) and alternatively spliced transcripts have been reported. 

Moreover, a nonsense mutation in the HLL (HUELLENLOS) coding sequence (CAA to TAA, 

Figure 4D in black) has been found to be correlated with defective ovule growth and 

development (Skinner et al. 1996). None of the chloroplast-type ribosomal protein genes has 

introns at positions identical to the mitochondrial-origin ones, with the exception of L21 which 

originated from a duplicated mitochondrial-type L21 gene (Gallois et al. 2001). The chloroplast-

type genes also have fewer introns, perhaps reflecting their shorter evolutionary history.  

 

Acquisition of mitochondrial targeting signals for nuclear-encoded ribosomal proteins 

Because the signals that target nuclear-encoded proteins to the mitochondrion are in many cases 

located at the amino-terminus, we examined their potential targeting capacity. About 75% of the 

ribosomal proteins possess amino-terminal extensions relative to their E. coli counterparts, and 

for the rest, presumably the “native” sequences possess the required features (either at the amino-

terminus or elsewhere along the protein) to enable import into the mitochondrion. The lengths of 
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non-core amino-terminal extensions vary markedly among these ribosomal proteins and in 

several cases they are 2-3 fold longer than the core ribosomal protein region (Figure 2, white vs. 

black bars) so may well encode other important information in addition to targeting signals. The 

long amino-terminal extension of S5 had been postulated to compensate for the absence of S4 

and S8 in human mitoribosomes (Koc et al. 2001a), however, that is brought into question 

because S4 and S8 counterparts are still present in plant mitoribosomes. In several cases, such as 

L7/L12, L15, and L32, homology was detected in non-core regions with mitochondrial 

counterparts from other eukaryotes such as animals and fungi, indicating that these sequences 

were acquired early in eukaryotic evolution (or perhaps were even present in the ancestral 

α−proteobacteria).  

 Since the acquisition of non-core sequences could occur through exon shuffling, we 

scored cases in which introns are located at the core/non-core junction. In some cases, the precise 

position of the breakpoint in homology between the bacterial and mitochondrial homologs was 

difficult to map, and we ranked as potentially coincident if located within 50 bp of the junction. 

By these criteria, for 14 of the 50 ribosomal protein gene transfer events (that is, approximately 

30%) there is an intron at the core/non-core amino-terminal junction (Figure 2).  

 A number of computer algorithms have been developed for predicting the targeting 

locations of nuclear-encoded proteins, and for plants there is the added complexity (compared to 

animals or fungi) of distinguishing between routing to the chloroplast and the mitochondrion. 

When we subjected our data set to Predotar (Small et al. 2004), TargetP (Emanuelsson et al. 

2000) and PSort (Bannai et al. 2002), we observed that while the majority of the ribosomal 

proteins showed strong prediction for targeting to the mitochondrion (Table I, + symbols), not all 

did, and the results for the three programs differed somewhat in certain cases (cf. discussion in 
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Heazlewood et al. 2004). Among those failing to yield high predictive values for targeting to the 

mitochondrion are ones for which only chloroplast-origin homologs could be found in the 

nuclear genome (Table I, asterisks).  

 When we compared the amino-terminal sequences of the Arabidopsis and rice ribosomal 

proteins in categories A and B (that is, genes transferred prior to divergence of these two plant 

lineages), we observed a wide variation in the degree of amino acid similarity (Supplementary 

data available upon request). Certain proteins exhibited high sequence identity within this region 

(eg. L29, L14) consistent with a common origin, whereas others (eg. L15, L10) appeared 

unrelated. The latter might reflect divergence due to relatively low constraint at the amino acid 

level or alternatively, there may have been lineage-specific shuffling events which generated 

non-homologous targeting sequences. Indeed this is further supported in cases where intron 

position differs between these two plants within the non-core regions (eg. S18, L19). As 

sequence data from additional plants become available, it will be of interest to pursue such issues 

in greater detail. 

 

Duplicated genes for mitochondrial-type ribosomal protein genes and dispersed 

chromosomal locations in the Arabidopsis nuclear genome  

The mitochondrial-type ribosomal protein genes are dispersed in the nuclear genome and their 

locations on the five Arabidopsis chromosomes are shown in Figure 5. The closest two 

ribosomal protein genes in Arabidopsis are L15 and L17 (about 13 kb apart on chromosome 5), 

however in rice they are on chromosomes 1 and 8. On the other hand, the duplicated L27 genes 

are in tandem in rice, being separated by only 4.4 kb on chromosome 8, whereas in Arabidopsis 

they are on separate chromosomes.  
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 Among the 48 ribosomal protein genes which are nuclear-located in Arabidopsis and/or 

rice, eleven are present in multiple copies (ranging from 2 to 4) in one or both plants (Table I). 

For example, there are single copies of S10 and S11 in the nucleus of Arabidopsis, whereas both 

are present in duplicate copies in rice. The evolutionary history of the rice S11 duplication event 

which has been characterized in detail (Kadowaki et al. 1996) includes the acquisition of 

different targeting sequences. Some of the duplicated copies are very similar within the core (eg. 

97%-100% for L17, L19, L22, L27) whereas others are quite divergent (eg. 62-74% for S16, 

L7/L12, L14). All have retained the same intron positions within core sequences, although 

several differ within untranslated regions (cf. L7/L12 copies, Table I). The duplicated genes 

include representatives from categories A-C (Figure 2, asterisks) in rather similar proportions 

(namely 6, 3 and 2 cases out of  25, 14 and 8 genes, respectively) so it does not appear that the 

early-transferred genes have undergone a greater number of duplication events, at least over this 

evolutionary time period.  

 

CONCLUDING REMARKS 

For the vast majority of the 54 proteins present in α-proteobacterial ribosomes, candidate genes 

for counterparts in plant mitochondrial ribosomes (as represented by Arabidopsis and rice) can 

be identified in either the nuclear or mitochondrial genome. The latter comprise a relatively 

small subset reflecting ancestral endosymbiont-type genes still retained in the organelle, with the 

others having been transferred to the nucleus over evolutionary time. For the remaining bacterial-

origin type, it is possible that sequence divergence precluded their detection, however there are 

nuclear-located chloroplast-origin genes which might have been co-opted to substitute for 

mitochondrial ones, and indeed there is experimental evidence for this having occurred (Adams 
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et al. 2002b; Mollier et al. 2002) as well as for the recruitment of a cytosol-type homolog 

(Adams et al. 2002b). The sole exception is L25 which notably is absent from other organellar 

ribosomes, such as chloroplast or mammalian mitochondrial ones based on proteomic analysis 

(Koc et al. 2001b;Yamaguchi and Subramanian 2000). Thus plant mitoribosomes appear more 

bacterial-like than mammalian ones which lack 12 of the 54 proteins found in present-day 

bacterial ribosomes, including eight (namely S3, S4, S8, S13, S19, L5, L6 and L29) which have 

been considered “universal” among all life-forms (Lecompte et al. 2002). Interestingly, of those, 

all but the L6 and L29 genes are deduced to have been still present within the mitochondrion at 

the time of the plant-animal lineage split (Figure 1). This illustrates different evolutionary 

pathways that mitochondrial ribosomes have followed in various eukaryotes, and it is worth 

noting that as in mammals, the plant mitoribosomes are estimated to contain a total of about 80 

proteins, due to the acquisition of additional novel ones during eukaryotic evolution. Even 

though plant mitochondrial ribosomal proteins (and ribosomal RNAs) have retained stronger 

bacterial-origin features than in mammals, certain relatively recent events within the land plant 

lineage illustrate plasticity in the make-up of the ribosome. In addition to “native” mitochondrial 

proteins being replaced by chloroplast (or cytosol) homologs there are reports of lateral transfer 

of mitochondrial ribosomal protein genes between distantly-related plant species.  

 About 75% of the nuclear-encoded plant mitochondrial ribosomal proteins have amino-

terminal extensions compared to their bacterial orthologs, and some are much longer than typical 

amino-terminal targeting signals. This raises the possibility that such domains (which also 

include internal and carboxy-terminal ones) perform extra functions. They might have structural 

roles (eg. related to the longer rRNAs in plant mitochondria or ribosomal assembly) or 

regulatory ones (such as translational control analogous to yeast mitochondria, cf. Williams et al. 
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2004). Alternatively they may be involved in extraribosomal functions (Wool 1996) such as 

RNA level events like editing or splicing. Indeed RNA binding motifs have been identified, for 

example the RRM domain in Arabidopsis S19 (Sanchez et al. 1996). It will also be of interest to 

learn more about not only the function of these extra domains, but also their origin and 

evolutionary history.   

 With respect to the gene structure of these nuclear-located genes, their intron/exon 

organization is for the most part conserved not only among plants (as exemplified by rice and 

Arabidopsis), but also in some cases with human ribosomal protein counterparts. About 20% of 

the introns are at identical positions (or approximately 30% if near-identical locations are 

included) in the human and plant genes, suggesting that they have been present for at least 300 

million years. In other studies of intron positions in eukaryotic genes, it has similarly been 

concluded that about 14% (Fedorov et al. 2002) and about 24% (Rogozin et al. 2003) are at 

identical positions in plant-animal orthologs. There are more introns within core bacterial-origin 

regions than in acquired coding extensions, and this appears to increase over evolutionary time 

based on comparisons of intron density in genes transferred early in eukaryotic evolution with 

those migrating to the nucleus later on. Only about 30% show support for intron-mediated 

acquisition of upstream sequences (that is, an exon shuffling model).  

 Moreover, the complete absence of amino-terminal extensions in a subset of both the 

early and recent transfer categories, raises questions about the nature of targeting information. 

For very recently-transferred genes, it has sometimes been possible to trace the origin of 

acquired sequences, for example through the recruitment of duplicated sequences from other 

mitochondrial-targeted genes (reviewed in Adams and Palmer 2003). In addition, there is 

growing evidence that targeting of mRNAs for translation on the surface of the mitochondrion 
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may be important for protein import (cf. Sylvestre et al. 2003). Proteomic analysis of plant 

mitochondrial ribosomes will also undoubtedly yield new insights into the mechanistic and co-

evolutionary processes that enable the “native” and “acquired” ribosomal components to perform 

their essential roles in translation.   
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Table I (part 1) 

 Category b A.t. mt locus tag c  Introns d A.t. protein Protein aa Targeting e Rice protein f Protein aa A.t. chl tag c Comments 

S1a C At5g30510 6 NP_850903 416 chl BAC19892 209g At5g30510 h, At1g71720i

S2 C At3g03600  0 NP_187010 219 + BAC19874 483 chl   

S3 D mt 1 NP_085481 556  BAC19869 538 chl h 

S4 D mt 0 NP_085497 362  BAC19883 352 chl h 

S5 A At1g64880 7 NP_564842 515 +++ BAD08197 501 At2g33800  

S6 A At3g18760  1 NP_566618 139 other BAA96212 146 At1g64510  

S7 D mt 0 P92557 148  BAC19857 148 chl  

S8a B At4g29430  2 NP_194672 129 +++ BAD29691 129 chl h, cytosol –type j

S9 A At3g49080 3 NP_190477 430 +++ BAC81159 415 At1g74970  

S10 C At3g22300  1 NP_188869 241 ++ BAB00643 112 At3g13120 rice S10-2 (BAB00644)
 

k

S11 C At1g31817  1 NP_564385 314 +++ BAA12798 254 chl rice S11-2 (BAB93272)
 

l

S12 D mt 0 P92532 125  BAC19872 125 chl  

S13 a C At1g77750  2 NP_177898 154 +++ BAC19882 116 At5g14320 h, chl-type in A.t. j

S14 C At2g34520  (+1) NP_850232 164 +++ BAD09056 350 chl within rice sdh2 intron,m

S15-1 A At1g15810  4 NP_563982 419 +++ BAD36035 447 chl  

S15-2   A At1g80620  4 NP_849914 414 chl    91% vs S15-1 core 

S16-1 A At5g56940 2 NP_200504 135 +++ NP_913921 137 chl   

S16-2 A At4g34620 2 NP_195188 113 +++    64% vs S16-1 core 

S17-1 A At1g49400  1 (+1) NP_175365 116 other BAD03787 107 At1g79850  

S17-2 A At3g18880 1 (+1) NP_188518 105     91% vs. S17-1 core 

S18 A At1g07210  4 NP_172201 261 +++ NP_922183 274 chl   

S19 C At5g47320  3(+1) NP_568681 212 + BAC19887  93 chl h, RRM domain in A.t. n

S20 a A At3g15190  2 NP_188137 202 chl NP_916920 196 At3g15190 h 

S21 A At5g63300  0 NP_201135 217 chl XP_479834 121 At3g27160   
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Table I (part 2) 

 Category b A.t. mt locus tag c Introns d A.t. protein Protein aa Targeting e O.s. protein f Protein aa A.t. chl tag c Comments 

L1 B At2g42710   9 NP_850375 415 +++ (AK067243) 418 At3g63490   

L2-5' D mt 0 NP_085516 346  BAC19886 502 chl A.t.“half”-gene
 
o

L2-3' C At2g44065 1 (+4) NP_973685 214 +++ BAC19886 " chl A.t. “half”-gene o

L3 A At3g17465 4 NP_566579 324 +++ NP_912745 319 At2g43030  

L4 A At2g20060  7 (+1) NP_565463 300 +++ (AK069751)   286 At1g07320  

L5 D mt 0 NP_085491 185  BAC19898 188 At4g01310 h 

L6 B At2g18400 (+1) NP_565438 102 other XP_483021 103 At1g05190 h 

L7/L12-1 A At1g70190  0 NP_564986 179 +++ XP_475875 198 At3g27830  

L7/L12-2 A At4g36420  0 (+1) NP_195360 179 +++ AAT78788 175   63% vs L7/L2-1 core 

L7/L12-3 A At4g37660  0 NP_195481 167 +++ NP_917913 167   73% vs L7/L12-1 core 

L7/L12-4 A At3g06040  (+1) NP_187255 186 +++ XP_464496 193  74% vs L7/L2-1 core 

L9 A At5g53070 4 (+1) NP_200119 221 +++ AAU43965 206 At3g44890   

L10 B At5g13510  0 NP_196855 220 chl AAC64971 220 At3g12370   

L11 B At4g35490  0 NP_195274 155 +++ AAP54191 155 At1g32990 At5g51610 i

L13 A At3g01790  4 (+1) NP_850494 205 other XP_480211 229 At1g78630   

L14-1 B At5g46160  3 NP_851140 196 +++ AAL60450 170 chl HLP p

L14-2 B At1g17560 2 NP_173200 173 +    HLL p 62% vs L14-1 core 

L15 A At5g64670  3 NP_201272 281 + BAD32079 295 At3g25920  

L16 D mt 0 NP_085480 179  BAA04793 185 chl  

L17-1 A At5g09770  5 NP_568216 160 +++ BAD81752 161 At3g54210  

L17-2 A At5g64650 5 NP_568992 160 +++    97% vs L17-1 core 

L18 B At5g27820  0 (+1) NP_198134 114 ++ XP_469358 114 At1g48350  

L19-1 B At1g24240 4 NP_564213 222 ++ XP_464558 222 At5g47190   

L19-2 B At5g11750  4 NP_192900 225 +     97% vs L19-1 core 

L19-3 B At4g11630  4 NP_196736 229 other    97% vs L19-1 core 

L20 B At1g16740  1 NP_173118 126 + NP_916444 121 chl   

L21 A At4g30930  4 NP_567861 270 +++ XP_475904 250 At1g35680 chl=ancient mt q

L22-1 A At1g52370  5 (+1) NP_564605 269 ++ BAD61282 278 chl  

L22-2 A At4g28360  5 NP_567805 271 +++    98% vs. L22-1 core 

L23 A At4g39880  0 NP_195698 178 + XP_507362 229 chl   

L24 A At5g23535 4 (+1) NP_680212 159 + (AK121443)  190 At5g54600   

L27-1 B At2g16930  2 (+1) NP_565398 154 +++ XP_471831 145 At5g40950  

L27-2 B At5g15220  2(+1) NP_568310 154 +++ BAC99362 145  100% vs cL27-1 core 

L28 A At4g31460  1 (+1) NP_194874 212 other XP_478628 204 At2g33450  

L29 A At1g07830  2 (+1) NP_172261 144 +++ BAD44786 145 At5g65220 h 

L30 A At5g55140  1 (+1) NP_568821 109 ++ XP_479729 116 absent  

L31 a B At1g75350 1 NP_565109 144 other NP_917838 135 At1g75350 h 

L32 B At1g26740  2 NP_564259 134 +++ AAL84312 113 chl  

L33 A At3g06320 0 (+1) NP_187283 58 ++ (AK121541) 57 chl  

L34 a B At1g29070  1 NP_174202 157 chl NP_915866 159 At1g29070  

L35 a A At2g24090  
2 

NP_850047 145 chl BAD37618 146 At2g24090  

L36 B At5g20180 1 (+3) NP_850857 103 ++ XP_470053 98 chl r  
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TABLE I  

Compilation of candidate bacterial-origin mitochondrial-type ribosomal proteins in Arabidopsis 

and rice. a Ribosomal proteins which lack identifiable “native mitochondrial” homologs in 

Arabidopsis (A.t.) and/or rice (O.s.), but for which chloroplast-origin or cytosol-type substitute 

candidates are present (see text). b Based on predicted time of gene transfer to nucleus (see 

Figure 1 and text). c Genes encoded within the Arabidopsis or rice mitochondrial genomes 

(NC_001284 and BA000029, respectively) are denoted by “mt” and those in Arabidopsis 

chloroplast genome (NC_001284) by “chl”. d Introns in untranslated regions are shown for 

Arabidopsis in parentheses. e Prediction of subcellular location based on the algorithms Predotar 

(Small et al. 2004), TargetP (Emmanuelsson et al. 2000) and PSort (Bannai et al. 2002) with + 

symbols for mt-predicted (or by “chl” and “other” if not).  f Accession numbers given for rice 

cDNA entries (in parentheses) when protein databank entries unavailable. g Deduced length of 

rice S1 protein based on our experimental data (T. Hazle and L. Bonen, unpublished). h Absent 

from human mitochondrial ribosomes (Koc et al. 2001a, 2001b). i Duplicated chloroplast-type 

candidate. j Adams et al. 2002b; Mollier et al. 2002. k Kubo et al. 2000. l Kadowaki et al. 1996. m 

Kubo et al. 1999. n Sanchez et al. 1996. o Adams et al. 2001. p Skinner et al. 2001. q Gallois et al. 

2001. r NP_197518 and NP_850857 through alternative splicing of At5g20180. 
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FIGURE LEGENDS 

Figure 1. Schematic showing proposed times of transfer (or loss) of bacterial-origin 

mitochondrial ribosomal protein genes from the mitochondrion to the nucleus during eukaryotic 

evolution. This scenario is based on gene content of present-day mitochondrial genomes such as 

the protist Reclinomonas (Lang et al. 1997) and the liverwort, Marchantia (Takemura et al. 

1992), and shown specifically for rice and Arabidopsis. Parentheses indicate that no “native” 

mitochondrial-type ribosomal protein gene was found in the nucleus (see text). Categories A-C 

represent “early” to “late” transfer events. Although the L36 gene is absent from Reclinomonas 

mitochondria, it is present in that of another jakobid protist, Malawimonas jakobiformis (Gray et 

al. 2004 and http://amoebidia.bcm.umontreal.ca/pg-gobase/searches/compilations.php), so placed 

in category B. Note that in Arabidopsis the 5’ half of L2 is mitochondrion-encoded and whereas 

L2-3’ is nuclear-located (Adams et al. 2001). 

 

Figure 2. Schematics of candidate bacterial-type mitochondrial ribosomal proteins from 

Arabidopsis (upper) and rice (lower) divided into categories A-D which are based on time of 

gene transfer to the nucleus. Black bars denote bacterial-origin mitochondrial-type core coding 

regions and white bars represent acquired non-core coding sequences. The chloroplast-origin and 

cytosol-type ones are shown by grey and stippled bars, respectively. Triangles in white indicate 

introns, with their lengths shown as increasing triangle size (<200 nt, 200-500 nt, 500-900 nt, 

and >900 nt) and grey triangles denote group II mitochondrial introns. Stars are shown for 

introns which are at identical (black) or no more than 6 bp away from (white) those located in 

human mitochondrial orthologs. Dotted ovals indicate non-identical positions of introns. The 
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symbol “mt” indicates genes which are still in the mitochondrion in either Arabidopsis and/or 

rice, and asterisks denote duplicated nuclear copies in Arabidopsis and/or rice. 

 

Figure 3. Intron density within ribosomal protein genes which were transferred to the nucleus 

either early in eukaryotic evolution (category A, shaded bars) or more recently (categories B+C, 

white bars). The coding regions were divided into core (left side) or non-core (right side) and 

values are expressed as number of introns/100 codons.  The core regions in category A (2900 

codons) contain 50 introns and for categories B+C (2780 codons) there are 23 introns. For the 

non-core coding regions (including the junctions), in category A (2800 codons) and categories 

B+C (1540 codons), there are 20 and 16 introns, respectively.   

 

Figure 4. Comparison of intron positions in Arabidopsis and human mitochondrial-type 

ribosomal protein gene orthologs for (A) introns at identical sites and (B) introns within 6 nt of 

each other. Intron positions are shown by black arrows, and grey shaded amino acids are 

identical in Arabidopsis and human. Note that introns are numbered based on coding sequences 

(and exclude any within untranslated regions). Panel C compares the positions of the rice L9 first 

three introns with the human counterpart. Note that the rice L9 third intron (oval) is absent in 

Arabidopsis L9 (Figure 2, dotted oval). Panel D shows the positions of the second intron (in 

lowercase italics) within the two Arabidopsis L14 genes (HLL and HLP, Skinner et al. 2001). 

The CAG repeats in HLP are underlined and alternative splicing for HLP is shown by #2-1 and 

#2-2.  The nonsense mutation (CAA to TAA) in HLL in Arabidopsis HUELLENLOS mutants 

(Skinner et al. 2001) is shown in black. Abbreviations are: At (Arabidopsis thaliana), Os (Oryza 

sativa) and Hs (Homo sapiens). 
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Figure 5.  Location of nuclear genes for bacterial-origin mitochondrial-type ribosomal proteins 

on the five Arabidopsis chromosomes (I: 30 Mbp; II:19 Mbp; III: 23 Mbp, IV: 18 Mbp, and V: 

26 Mbp; from NCBI Plant Genomes site). Genes on the + strand are shown on the left side and 

genes encoded on the - strand at right.  
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Figure 1.  (Bonen & Calixte) 
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Figure 2. (Bonen & Calixte) 
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Figure 3. (Bonen & Calixte) 
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Figure 4. (Bonen & Calixte) 
 
 
 
 
 

 A 

                  A   M   Q   K     A   Y   E   K        
At S5 #4                    GCA ATG CAG AAG   GCA TAT GAG AAA  
Hs S5 #8                 GCT TTC AGG AAA   GCA AAG AAC AGA  
                   A   F   R   K     A   K   N   R  
  
                    L   R   A      A   G   F   L   T   
At S9 #3                   CTT CGA GCT G   CT GGT TTC TTG ACA  
Hs S9 #9                   ATG AGA CAA G   CT GGA CTA CTT ACT    
                   M   R   Q      A   G   L   L   T  
 
                 S   A   R   V   Q      V   A   Q   L  
At S15 #3                TCT GCA CGT GTG CAA G   TG GCA CAA CTC  
Hs S15 #5                TCC CTG GAG GCT CGA A   TT ATT GCC TTG  
                 S   L   E   A   R       I  I   A   L  
 
                H   R   K     D   K   H   S  
At S15 #4               CAC AAA AAG   GAC AAG CAT TCG  
Hs S15 #6               CAT CGA AAG   GAC AAA GCC CAC   
                H   K   K     D   K   A   H  
 
                        D   F   R     N   V   R   F   L  
At S18 #3                       GAT TTC AGG   AAT GTT AGG TTC CTT  
Hs S18 #5                       GAC TTT AGG   AAC GTG AAG CTC TTG  
                        D   F   R     N   V   K   L   L  
 
           L   H   V   P   L   G   K     M   S   F   S  
At L1 #7          CTT CAT GTG CCA CTT GGA AAG   ATG AGC TTT TCT  
Hs L1 #6          CTC CAG ACC AAA ATA GCA ACA   TTG GAT ATG TCA  
           L   Q   T   K   I   A   T     L   D   M   S  
 
                  W   Q   L   A   K   R   Q   Q     G   T   H   S   T   K 
At L4 #4      TGG CAG CTT GCG AAA CGC CAG CAG   GGA ACT CAT TCG ACC AAA 
Hs L4 #4      TGG CAG AAG AAC TTC AAG AGA ATT   AGC TAT GCC AAG ACC AAG 
       W   Q   K   N   F   K   R   I     S   Y   A   K   T   K 
 
             E   Q   R   K     M   Y   N     
At L9 #2           GAG CAA CGC AAG   ATG TAT AAT     
Hs L9 #3           GAG GAG AAA TTG   CTG AGA CAA  
             E   E   K   L     L   R   Q     
 
                  H   T   G     Y   I   G  
At L13 #3                CAT ACT GG   G TAC ATC GGA       
Hs L13 #3                CAT ACT GG   C TAC CCA GGT  
                  H   T   G     Y   P   G  
       
   K   R   A   S   Q   T   V   Y   R     V   I   H   A   A  
At L22 #4    AAA CGA GCT TCA CAA ACT GTG TAC CGG   GTT ATA CAT GCT GCG  
Hs L22 #5    AAA AAA GGG GCC AAA ATA ATT AAA GAG   GTT CTC TTA GAA GCA  
   K   K   G   A   K   I   I   K   E     V   L   L   E   A  
 
              L   L   V      A   E   A   F   V   G 
At L22 #5             CTC CTT GTT G   CC GAA GCG TTT GTT GGG 
Hs L22 #6             TTA TAT ATA G   CT GAG TCC ACC TCA GGA 
                         L   Y   I      A   E   S   T   S   G 
 
                 G   D   N     V   M   I  
At L24 #1               GGA GAC AAT   GTA ATG ATA  
Hs L24 #1               GGG GAC ACG   GTG GAG ATC  
                 G   D   T     V   E   I  
     
     V   E   G   K   N   L     I   K   K   H  
At L24 #2              GTG GAA GGG AAG AAT CGT   ATC AAG AAA CAT  
Hs L24 #2              GTG GGA GGG CTG AAC ACA   CAT TAC CGC TAC  
     V   G   G   L   N   T     H   Y   R   Y  
       
      V   D   P   V   T   G      R   P   C   K  
At L24 #3    GTT GAT CCT GTC ACT GG   G AGG CCT TGT AAA  
Hs L24 #3    GTG GAT CCT ATG GAC AG   G AAA CCC ACT GAG    
      V   D   P   M   D   R      K   P   T   E 
 
       P   R   P   T   T      A   G   P   K   D   T 
At L24 #4     CCG CGA CCC ACA ACT G   CT GGC CCT AAG GAC ACA  
Hs L24 #4     CCT GAA ACG TGG ATT G   AT GGC CCC AAA GAC ACA  
       P   E   T   W   I      D   G   P   K   D   T 
  
 
 
  

 

B

    L   N   A     V   E   T 
At S5 #7 TTG AAT GCG   GTC GAA ACA  
Hs S5 #11 CTC TCC AGA CAG   GAA ACC  
  L   S   R    Q    E   T 

  H   Y   Q     G   Q      L   M   Q    
At S6 #1 CAC TAT CAG   GGA CAA    TTG ATG CAG 
Hs S6 #2 CAC AAC AGA   GGC GG   G TAT TTC TTG 
  H   N   R     G   G      Y   F   L 

  R   K   Q     T   G      I   S   A   K 
At S18 #4 AGG AAG CAG   ACT GGC    ATT AGC GCA AAG 
Hs S18 #6 GCT CCA TAC   ACA G   GA GTC TGT GTG AAG 
  A   P   Y     T   G      V   C   V   K 

  P   N   P   K     Q   G   S   V   T   K   D 
At L1 #6 CCA AAC CCC AAA   CAA GGT AGT GTG ACC AAG GAT 
Hs L1 #5 CCA AAG CTT TCT CGA A  AT TCC ATT GGC CGT GAC 
  P   K   L   S   R     N   S   I   G   R   D   

  P   A   G   L   K   K      T   S   K   Y   A    
At L1 #8 CCT GCT GGA TTG AAA AAG A   CT TCA AAA TAT GCT  
Hs L1 #7 CCG CTG AAT TTG G   GT CCC TTT GTG GTA CGT GCT  
  P   L   N   L      G   P   F   V   V   R   A   

  A   A   E    G   K     L   L   V   
At L4 #6 GCC GCA GAA  GGA AAA   CTC CTC GTG 
Hs L4 #6 CTG GCC CAG  GAC GAC   CTG CAC ATC 
  L   A   Q    D   D     L   H   I   

  P   S   I      G   L   N   V   Y   S  
At L4 #7 CCA TCA ATA    GGG CTA AAT GTT TAC AGC 
Hs L4 #8 CCG GCT GTT G   GC CTA AAT GTG CAC AGC 
  P   A   V      G   L   N   V   H   S   

    
  
  
C

    

  L   E   V   I   L   T   T    T   I   D     K   L   G   K   
Os L9 #1    CTG GAG GTC ATC CTC ACC ACG  ACG ATT GAT A  AG CTG GGG AAA 
Hs L9 #2    CTG GAG CTC ATC CTG ACG CAG  TCG GTG GAG A  AT GTT GGA GTC  
  L   E   L   I   L   T   Q    S   V   E     N   V   G   V 

  E   Q   R   K     L   Y   Q 
Os L9 #2 GAG CAG CGC AAG   CTT TAC CAA 
Hs L9 #3 GAG GAG AAA TTG   CTG AGA CAA 
  E   E   K   L     L   R   Q 

  Q   E   D    D   D   A   K    Q   Q   E   E   K   L   
Os L9 #3 CAA GAA GAT  GAT GAT GCT AAG  CAA CAG GAA GAG AAA CTC 
Hs L9 #4    GGT GAG GCG  ACA GTG AAA TTT  CTA AAA AGC TGT CGC CTG 
   G   E   A    T   V   K   F    L   K   S   C   R   L 

     
  
  
D

   S   Q          Q   Q   H   R   T     
At L14(HLL)#2 TCT CAG|gt…  …aattca cag|CAA CAA CAT AGG ACA 
   S   Q                    Q   Q   R   R   T 
At L14(HLP)#2-1 TCT CAG|gt……gaag cag cag|CAG CAG AGA AGG ACA   
   S   Q              Q   Q   Q   R   R   T 
At L14(HLP)#2-2 TCT CAG|gt……gaag cag|CAG CAG CAG AGA AGG ACA 
   F   Q                        Q   I   R   T 
Os L14(HLL) #2 TTT CAG|gt…         …ttt cag|CAA ATC AGA ACA   
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Figure 5.  (Bonen & Calixte) 
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