
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Decoding in Candidatus Riesia pediculicola, close to a minimal 
tRNA modification set? 
 

ABSTRACT 
A comparative genomic analysis of the recently 
sequenced human body louse unicellular 
endosymbiont Candidatus Riesia pediculicola 
with a reduced genome (582 Kb), revealed that it 
is the only known organism that might have lost 
all post-transcriptional base and ribose 
modifications of the tRNA body, retaining only 
modifications of the anticodon-stem-loop essential 
for mRNA decoding. Such a minimal tRNA 
modification set was not observed in other 
insect symbionts or in parasitic unicellular 
bacteria, such as Mycoplasma genitalium 
(580 Kb), that have also evolved by considerably 
reducing their genomes. This could be an example 
of a minimal tRNA modification set required 
for life, a question that has been at the center of 
the field for many years, especially for 
understanding the emergence and evolution of the 
genetic code. 
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ABBREVIATIONS 
Full names for the different acronyms used to 
define a given modified base can be found in [1]. 
 

INTRODUCTION 
As adapters between the mRNA and the 
elongating peptide, tRNAs are the central decoding 
molecules in translation. Their overall efficiency 
in protein synthesis depends both on the 
sequence/structure of the whole set of the tRNA 
repertoire and on modified nucleotides that are 
formed during the tRNA maturation process. 
Depending on the organism considered, a single 
functional tRNA isoacceptor may contain from 2 
to 17 modified nucleosides [2]. These post-
transcriptional modifications are required to 
maintain tRNA structure, insure correct mRNA 
decoding, optimize translation accuracy and 
efficiency, and/or regulate tRNA turn-over or its 
cellular localization (reviewed in: [3] and [4]). 
Several studies have attempted to define a 
minimal, possibly ancestral tRNA modification 
set. By comparing the modification profiles in all 
available sequenced tRNAs from different 
kingdoms (Bacteria, Eucarya and Archaea, a total 
of about 500 tRNA in 1998), it was predicted that 
eight, possibly nine, modifications were present in 
the putative last universal common ancestor 
(LUCA or Cenancestor) [5, 6]. These modifications 
are the Ψ residues at positions 13, 38, 39, 55, Cm 
at position 34 [5] or Cm  at position 32 [6], Q at 
position 34, t6A and m1G adjacent to the 
anticodon at position 37, and m1A at position 58 
in the highly conserved sequence of the so-called 
TΨ-loop. Another study that combined comparative
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tRNA [26]. Lastly, the requirements for 
modifications are going to be extremely dependent 
on environmental and physiological factors and 
will hence vary from one organism to another, for 
example, halophiles are predicted to require less 
modifications (see discussion of [24]). It is 
therefore not a minimal tRNA modification set 
but a minimal set of organism specific functional 
constraints that needs to be defined. An efficient 
and biologically relevant method to tentatively 
identify these minimal sets of essential tRNA 
modification enzymes, possibly the most reluctant 
to be lost during cellular evolution, is to analyze 
organisms with reduced genomes, such as parasitic 
or symbiotic intracellular and extracellular bacteria. 
 
tRNA modification sets in Mollicutes 
Mollicutes are parasitic, small unicellular bacteria 
normally living within eukaryotic cells. They 
originated from gram-positive bacteria (phylum: 
Firmicutes) by considerably reducing their genomes 
[27]. The Mollicute with the smallest genome 
identified so far is Mycoplasma genitalium (580 kb 
encoding 480 predicted ORFs) [28]. When 
cultivated in extremely rich medium, several of 
these Mollicutes can grow as free-living organisms, 
albeit very poorly and thus are considered to have 
minimal genomes [29]. In agreement with gene 
economization strategies, all Mollicutes display a 
minimalist, non-redundant set of tRNAs (from 28 
to 35 with distinct anticodons), that is sufficient to 
decode all sense codons corresponding to 20 
canonical amino acids [24]. In this same study, we 
analyzed the presence or absence of genes coding 
for corresponding enzymes and predicted the 
tRNA modifications sets in 15 Mollicutes covering 
the four major clades (Spiroplasma, Pneumonia, 
Hominis and Phytoplasma). The genes were 
identified by homology with model systems such as 
Escherichia coli and Bacillus subtilis, and further 
validated from the knowledge of the modified 
nucleosides in the full set of 29 sequenced tRNAs 
of Mycoplasma capricolum [24]. The main 
conclusion was that only a few modification 
enzymes, all acting on nucleotides of the 
anticodon loop in tRNA (m1G37, t6A37 and 
cmnm5U34), seemed resistant to gene loss. 
However, all the Mollicutes analyzed retained 
additional genes coding for enzymes inserting 
modifications in the tRNA body. For example,  
 

genomics and essentiality data predicted that 
LUCA harbored only three modifications [7]: 
Q34, Ψ13, and Ψ39. Finally Church and 
colleagues proposed that six modifications 
(k2C34, xs2U34 derivatives, I34, m1G37, t6A37, 
ms2i6A37) are required for the minimal bacterial 
translation set [8]. The discrepancies are due to 
inherent flaws in all the prediction methods used. 
Predictions based solely on gene essentiality can 
be misleading, as a dispensable tRNA modification 
can become essential if other modifications are 
missing [9, 10]. Moreover, ancient-primordial 
genes may have considerably diverged in different 
phyla of organisms, so that they are now 
unrecognizable by any sequence-relatedness 
algorithms [11]. Alternatively, distinct enzyme 
families can introduce the exact same modification 
(functional type of enzyme evolution [12, 13, 
14]). These will also be missed with methods 
based on ortholog searches. Finally, several genes 
of unknown function predicted to be present in 
LUCA [7] have since turned out to be involved in 
tRNA modification [15-17] and had therefore 
been missed in previous searches.   
The idea of defining an “absolute minimal” set 
when talking about tRNA modifications might be 
inherently flawed and probably elusive. First, 
parallel and convergent solutions are deployed by 
different organisms both for modifications involved 
in decoding (discussed below) and in maintaining 
tRNA structural integrity. For example, 
ribothymidine, (m5U54) that is critical for tRNA 
stability in bacteria [18, 19], is replaced by m1Ψ 
or Um in many Archaea [2, 20, 21]. Likewise, 
different modified uridines are used at the wobble 
position of tRNA to fulfill decoding requirements 
in different organisms [22]. Second, one cannot 
separate nucleoside modifications from the 
sequence context of a given tRNA repertoire as 
there is a clear co-evolution between the two sets. 
For example, the tilS gene responsible for the k2C 
(lysidine) modification at the wobble position 34 
was lost in Mycoplasma mobile. This loss 
occurred with a concomitant change of the 
sequence of the minor tRNAIle that decodes AUA 
codons from a CAU to a UAU anticodon [23, 24], 
a cellular strategy that has been experimentally 
verified in B. subtilis [25]. Third, the G+C content 
at the third codon position conditions the use 
of modified bases at the wobble position of 
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uncultivable symbionts display a quasi-non-
redundant set of tRNAs, with each isoacceptor 
having a distinct anticodon (compare columns #1 
through #14 with column #15 for E. coli). The 
total number of tRNAs varies from 31 for 
Buchnera aphidicola str Cc (#8) to 40 for 
C. Blochmannia pennsylvanicus (#10). These 
correspond to tRNA repertoires typically found in 
Bacteria and not in Eucarya and Archaea [22, 35]. 
For example, tRNA genes containing the wobble 
T34 and G34 are almost always present, while 
tRNA genes containing C34 are often absent (blue 
background in Figure 1). In both of the quartet 
boxes corresponding to Pro and Ala (boxed in red 
in Figure 1), only one tRNA gene harboring a 
wobble T34 is present. For the isoleucine triplet 
decoding box and the arginine quartet decoding 
box, the T34-containing tRNA genes are 
systematically replaced by a C34-containing 
tRNAIle and an A34-containing tRNAArg, 
respectively (indicated with yellow and green 
background in Figure 1). tRNA usage is usually 
correlated with codon usage, which in turn 
controls the efficiency of decoding [36]. By 
comparing the relative codon usage in each of the 
decoding box, it appears that G34-containing 
tRNAs more frequently read codons ending with 
the wobble U3 while U34-containing tRNAs 
mainly read codons ending with A3 (Watson-
Crick base pairing). When the C34-containing 
tRNA isoacceptor is absent, U34 also reads 
codons ending with the wobble G3 (compare 
information about codon usage on the left part of 
Figure 1 with the identity of the wobble base in 
the tRNA, under the column symbol ‘AC’ for 
anticodon). This trend reflects the low average 
G+C content in ORFs of insect symbionts 
analyzed (from 23 to 35% compared to 52% in 
E. coli; Supplemental Table 1), particularly at the 
third position of codons (data not shown), and 
reflects the type of modified nucleotide present at 
the wobble position of tRNA. Non-redundancy of 
tRNA isoacceptor may affect cellular tRNA 
abundance, and hence the growth rate of 
the symbiont [37]. Finally, in contrast to 
Mycoplasma [24], UGA is a genuine stop codon 
in these insect symbiotic organisms, correlating 
with the presence of Release Factor 1 and Release 
Factor 2 (see the “tRNA modification E. coli” 
subsystem available on the Public SEED, 
http://pubseed.theseed.org/SubsysEditor.cgi). 
 
 

TruB catalyzing the Ψ55 insertion and TrmB 
catalyzing the methylation of G47 (m7G47) are 
found in the majority of Mollicutes, and therefore 
resistant to loss. Inspection of 20 additional complete 
genome sequences of Mollicutes, made available 
since this study, does not fundamentally change 
the initial conclusion (S. Yokobori, H. Grosjean 
and S. Bessho, personal communication).   
 
tRNA repertoires in insect bacterial symbionts 
In the present work, we performed a similar 
computational analysis of 14 genomes of bacterial 
symbionts and endosymbionts of insects, covering 
Wolbachia (3 strains which infect arthropod species 
and some nematodes), Buchnera (6 strains, which 
infect aphids), Candidatus Blochmannia (2 strains, 
which infect bacteriocytes and ant ovaries), 
Baumannia cicadellinicola (infecting bacteriomes 
of sharpshooter leafhoppers), Wigglesworthia 
glossinidia (infecting the gut of the tsetse fly) and 
Candidatus Riesia pediculicola (infecting human 
body louse). All of these species are derived from 
gram-negative Proteobacteria, mainly gamma-
proteobacteria and related to E. coli, with the 
exception of Wolbachia (an alpha-proteobacteria). 
Unlike most bacteria and Mollicutes, members of 
this group cannot live as free-living organisms 
and form an obligate relationship (intimate 
symbioses) with their eucaryal hosts. These 
symbionts are predominantly vertically transmitted 
along with their host, and thus extend the heritable 
genetic variation of the host cells [30-33]. 
The genome sizes of the set of organisms 
analyzed (Supplemental Table 1) varied from 416 
kb with 371 predicted CoDing Sequences (CDSs) 
(Buchnera aphidicola str. CC) to 1,483 kb with 
1586 CDSs (Wolbachia pipientis quinquefasciatus 
Mel) (numbers of CDS taken from the Rast server 
[34]). 557 CDSs have been predicted in 
C. R. pediculicola, but around 80 of these are very 
small (between 19 and 70 aa) with no homology 
to any known proteins. These types of small 
proteins are not found in the other insect symbiont 
genomes analyzed and might be overpredictions. 
Figure 1 (right part) shows that all 14 symbionts 
analyzed harbor genes coding for a full set of  
tRNAs able to read all sense codons for the 20 
canonical amino acids, indicating that no tRNAs 
from the host are needed. Like Mollicutes and at 
variance with bacteria with large genomes, these
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Figure 1 
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 01 Wolbachia endosymbiont of B. malayi                                  01 Wolbachia endosymbiont of B. malayi
 |  02 Wolbachia endosymbiont of C. quinquefasciatus                     | 02 Wolbachia endosymbiont of C. quinquefasciatus
 |  |  03 Wolbachia endosymbiont of D. melanogaster                      | | 03 Wolbachia endosymbiont of D. melanogaster
 |  |  |   04 Buchnera aphidicola str. Tuc7                              | | |  04 Buchnera aphidicola str. Tuc7
 |  |  |   |  05 Buchnera aphidicola str. 5A                             | | |  | 05 Buchnera aphidicola str. 5A
 |  |  |   |  |  06 Buchnera aphidicola str. APS                         | | |  | | 06 Buchnera aphidicola str. APS
 |  |  |   |  |  |  07 Buchnera aphidicola str. Bp                       | | |  | | | 07 Buchnera aphidicola str. Bp
 |  |  |   |  |  |  |  08 Buchnera aphidicola str. Cc                    | | |  | | | | 08 Buchnera aphidicola str. Cc
 |  |  |   |  |  |  |  |  09 Buchnera aphidicola str. Sg                 | | |  | | | | | 09 Buchnera aphidicola str. Sg
 |  |  |   |  |  |  |  |  |   10 Candidatus B. pennsylvanicus            | | |  | | | | | |  10 Candidatus B. pennsylvanicus
 |  |  |   |  |  |  |  |  |   |  11 Candidatus B. floridanus             | | |  | | | | | |  | 11 Candidatus B. floridanus
 |  |  |   |  |  |  |  |  |   |  |   12 Baumannia cicadellinicola        | | |  | | | | | |  | |  12 Baumannia cicadellinicola
 |  |  |   |  |  |  |  |  |   |  |   |  13 Wigglesworthia glossinidia    | | |  | | | | | |  | |  | 13 Wigglesworthia glossinidia
 |  |  |   |  |  |  |  |  |   |  |   |  |   14 C. Riesia pediculicola    | | |  | | | | | |  | |  | |  14 C. Riesia pediculicola
 |  |  |   |  |  |  |  |  |   |  |   |  |   |  15 Escherichia coli K12   | | |  | | | | | |  | |  | |  | 15 Escherichia coli K12
 |  |  |   |  |  |  |  |  |   |  |   |  |   |  |                         | | |  | | | | | |  | |  | |  | |
 |  |  |   |  |  |  |  |  |   |  |   |  |   |  |    AA      C    AC      | | |  | | | | | |  | |  | |  | |
                                                    
 M  ->                                              F  Phe  TTT  ---     - - -  - - - - - -  - -  - -  - -
 m  ->                                              F  Phe  TTC (GAA)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 2

 M1 M1 M1  M  M  M  M  M  M   M  M   M1 M   M  m2   L  Leu  TTA (TAA)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
 M3 M3 M3  m2 m2 m2 m1 m3 m2  m1 m1  m2 m1  m1 m1   L  Leu  TTG (CAA)    1 1 1  - - - - - -  1 1  1 1  1 1

 M2 M2 M2  m1 m1 m1 m3 m1 m1  m2 m2  m1 m3  m2 m4   L  Leu  CTT (AAG)    - - -  - - - - - -  - -  - -  - -
 m2 m2 m2  m5 m5 m5 m4 m5 m5  m5 m5  m4 m5  m5 m3   L  Leu  CTC (GAG)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
 M4 M4 M4  m3 m3 m3 m2 m2 m3  m3 m3  M2 m2  m3 m5   L  Leu  CTA (TAG)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
 m1 m1 m1  m4 m4 m4 m5 m4 m4  m4 m4  m3 m4  m4 M    L  Leu  CTG (CAG)    1 1 1  - - - - - -  1 1  1 -  - 4

 M2 M2 M2  M1 M1 M1 M1 M1 M1  M1 M1  M1 M2  M1 M1   I  Ile  ATT (AAT)    - - -  - - - - - -  - -  - -  - -
 m  m  m   m  m  m  m  m  m   m  m   m  m   m  M2   I  Ile  ATC (GAT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 3
 M1 M1 M1  M2 M2 M2 M2 M2 M2  M2 M2  M2 M1  M2 m    i  Ile  ATA (CAT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 2
                                                    m iMet  ATG (CAT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 2
                                                    M eMet  ATG (CAT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 4

 M1 M1 M1  M1 M1 M1 M1 M1 M1  M2 M2  M2 M2  M1 M2   V  Val  GTT (AAC)    - - -  - - - - - -  - -  - -  - -
 m2 m2 m2  m2 m2 m2 m2 m2 m2  m2 m2  m2 m2  m1 M3   V  Val  GTC (GAC)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 2
 M2 M2 M2  M2 M2 M2 M2 M2 M2  M1 M1  M1 M1  M2 m    V  Val  GTA (TAC)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 5
 m1 m1 m1  m1 m1 m1 m1 m1 m1  m1 m1  m1 m1  m2 M1   V  Val  GTG (CAC)    - - -  - - - - - -  - -  - -  - -

 M1 M2 M2  M1 M1 M1 M1 M1 M1  M1 M1  M2 M1  M1 m4   S  Ser  TCT (AGA)    - - -  - - - - - -  - -  - -  - -
 m2 m2 m2  m2 m2 m2 m2 m1 m3  m2 m1  m2 m2  m1 m3   S  Ser  TCC (GGA)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 2
 M3 M3 M3  M2 M2 M2 M2 M2 M2  M2 M2  M3 M2  M2 m5   S  Ser  TCA (TGA)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
 m3 m3 m3  m3 m3 m3 m1 m2 m2  m3 m2  m1 m3  m2 m1   S  Ser  TCG (CGA)    - - -  - - - - - -  1 1  - -  - 1

 M2 M2 M2  M1 M1 M1 M1 M1 M1  M1 M1  M2 M2  M2 m2   P  Pro  CCT (AGG)    - - -  - - - - - -  - -  - -  - -
 m2 m2 m2  m2 m2 m2 m2 m2 m2  m2 m2  m2 m2  m2 m3   P  Pro  CCC (GGG)    - - -  - - - - - -  1 -  1 -  - 1
 M1 M1 M1  M2 M2 M2 M2 M2 M2  M2 M2  M1 M1  M1 m1   P  Pro  CCA (TGG)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
 m1 m1 m1  m1 m1 m1 m1 m1 m1  m1 m1  m1 m1  m1 M    P  Pro  CCG (CGG)    - - -  - - - - - -  1 -  - -  - 1

 M1 M1 M1  M1 M1 M1 M1 M2 M1  M1 M1  M1 M1  M1 m1   T  Thr  ACT (AGT)    - - -  - - - - - -  - -  - -  - -
 m2 m1 m1  m1 m1 m1 m2 m1 m1  m1 m1  m1 m1  m2 M1   T  Thr  ACC (GGT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 2
 M2 M2 M2  M2 M2 M2 M2 M1 M2  M2 M2  M2 M2  M2 m2   T  Thr  ACA (TGT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
 m1 m2 m2  m2 m2 m2 m1 m2 m2  m2 m2  m2 m2  m1 M2   T  Thr  ACG (CGT)    - - -  - - - - - -  1 1  1 -  - 1

 M2 M2 M2  M2 M2 M2 M1 M1 M1  M1 M1  M1 M1  M1 m2   A  Ala  GCT (AGC)    - - -  - - - - - -  - -  - -  - -
 m2 m2 m2  m2 m2 m2 m2 m2 m2  m2 m2  m1 m2  m2 M2   A  Ala  GCC (GGC)    - - -  1 1 1 1 - 1  1 -  1 1  - 2
 M1 M1 M1  M1 M1 M1 M2 M2 M2  M2 M2  M2 M2  M2 m1   A  Ala  GCA (TGC)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 3
 m1 m1 m1  m1 m1 m1 m1 m1 m1  m1 m1  m2 m1  m1 M1   A  Ala  GCG (CGC)    - - -  - - - - - -  - -  - -  - -

 M  ->                                              Y  Tyr  TAT  ---     - - -  - - - - - -  - -  - -  - -
 m  ->                                              Y  Tyr  TAC (GTA)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 3
                                                    *  Och  TAA (TTA)    - - -  - - - - - -  - -  - -  - -
                                                    *  Amb  TAG (CTA)    - - -  - - - - - -  - -  - -  - -

 M  ->                                              H  His  CAT  ---     - - -  - - - - - -  - -  - -  - -
 m  ->                                              H  His  CAC (GTG)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
 M  M  M   M  M  M  M  M  M   M  M   M  M   M  m    Q  Gln  CAA (TTG)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 2
 m  m  m   m  m  m  m  m  m   m  m   m  m   m  M    Q  Gln  CAG (CTG)    - - -  - - - - - -  - -  1 -  - 2

 M  M  M   M  M  M  M  M  M   M  M   M  M   M  m    N  Asn  AAT  ---     - - -  - - - - - -  - -  - -  - -
 m  m  m   m  m  m  m  m  m   m  m   m  m   m  M    N  Asn  AAC (GTT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 4
 M  ->                                              K  Lys  AAA (TTT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 6
 m  ->                                              K  Lys  AAG (CTT)    - - -  - - - - - -  1 1  - -  - -

 M  ->                                              D  Asp  GAT  ---     - - -  - - - - - -  - -  - -  - -
 m  ->                                              D  Asp  GAC (GTC)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 3
 M  ->                                              E  Glu  GAA (TTC)    1 1 1  1 1 1 1 1 1  1 1  2 2  1 4
 m  ->                                              E  Glu  GAG (CTC)    - - -  - - - - - -  - -  - -  - -

 M  M  M   M  M  M  M  M  M   M  M   M  M   M  m    C  Cys  TGT  ---     - - -  - - - - - -  - -  - -  - -
 m  m  m   m  m  m  m  m  m   m  m   m  m   m  M    C  Cys  TGC (GCA)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
                                                    *  Opa  TGA (TCA)    - - -  - - - - - -  - -  - -  - -
                                                    W  Trp  TGG (CCA)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1

 m2 m1 m2  M2 M2 M2 M2 M2 M2  M1 M1  M1 m1  m2 M2   R  Arg  CGT (ACG)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 4
 m3 m3 m3  m2 m1 m1 m1 m2 m1  m1 m3  m2 m4  m5 M1   R  Arg  CGC (GCG)    - - -  - - - - - -  - -  - -  - -
 m4 m2 m4  M3 M3 M3 M3 M3 M3  M3 M3  m3 m3  m1 m2   R  Arg  CGA (TCG)    - - -  - - - - - -  - -  - -  - -
 m5 m4 m5  m3 m3 m3 m3 m3 m3  m2 m2  m5 m5  m4 m1   R  Arg  CGG (CCG)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1

 M2 M1 M1  M3 M3 M3 M3 M3 M3  M3 M3  M1 M3  M3 m2   S  Ser  AGT  ---     - - -  - - - - - -  - -  - -  - -
 m1 m1 m1  m1 m1 m1 m2 m3 m1  m1 m3  m3 m1  m3 M    S  Ser  AGC (GCT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1

 M1 M1 M1  M1 M1 M1 M1 M1 M1  M2 M2  m1 M   M  m3   R  Arg  AGA (TCT)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
 m1 M2 m1  m1 m2 m2 m2 m1 m2  m3 m1  m4 m2  m3 m4   R  Arg  AGG (CCT)    1 1 1  - - - - - -  1 1  1 -  1 1

 M1 M1 M1  M2 M2 M2 M2 M2 M2  M2 M2  M1 M2  M2 M2   G  Gly  GGT  ---     - - -  - - - - - -  - -  - -  - -
 m1 m1 m1  m1 m1 m1 m2 m2 m1  m2 m2  m1 m2  m2 M1   G  Gly  GGC (GCC)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 4
 M2 M2 M2  M1 M1 M1 M1 M1 M1  M1 M1  M2 M1  M1 m2   G  Gly  GGA (TCC)    1 1 1  1 1 1 1 1 1  1 1  1 1  1 1
 m2 m2 m2  m2 m2 m2 m1 m1 m2  m1 m1  m2 m1  m1 m1   G  Gly  GGG (CCC)    - - -  - - - - - -  - -  - -  - 1

                                                    Number of tDNAs      3 3 3  3 3 3 3 3 3  4 3  3 3  3 8
                                                    used per genome      4 4 4  2 2 2 2 1 2  0 7  9 4  3 5

                                                    Nr of anticodons     3 3 3  3 3 3 3 3 3  4 3  3 3  3 4
                                                    used per genome      4 4 4  2 2 2 2 1 2  0 7  8 3  3 1
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analyzed except C. R. pediculicola contain at least 
one modification outside the anticodon-stem loop 
(Figure 3).  
 
Decoding strategy of synonymous codons in 
Candidatus R. pediculicola 
Analysis of the sequences of both of the louse 
endosymbiont C. R. pediculicola  and its host 
reveals that no eukaryotic genes, including putative 
tRNA modification enzymes, have been transferred 
to the insect bacterial genome, and that the 
genome reduction in C. R. pediculicola has not 
been associated with gene transfer to the host [38]. 
In the 14 proteobacterial symbionts analyzed, we are 
confident that the only genes coding for tRNAs 
and tRNA modification enzymes are those reported 
in Figures 1, 2 and 3 (except, see Figure 2 legend, 
for enzymes catalyzing acp3U47 and m2A37, for 
which the corresponding genes in E. coli are yet 
to be identified). 
Beside the lack of some tRNA isoacceptors 
in the insect symbionts (discussed above and 
Figure 1), both nucleotide identities and post-
transcriptional modifications are very similar when 
comparing tRNA isoacceptors from E. coli and 
C. R. pediculicola, attesting closely related and 
typical bacterial decoding strategies [22]. The 
differences between the two organisms are indicated 
in red in Figure 4. The main difference is the 
 
 
 
 
 

tRNA modifications sets in insect bacterial 
symbionts 
Genes coding for tRNA modification enzymes in 
the 14 genomes analyzed were identified by 
BLAST analysis against the genes found in E. coli 
(see [1] and Figure 2 legend). In E. coli, all but 
four of the fully matured isoacceptor tRNAs have 
been sequenced, and genes coding for most of the 
corresponding tRNA modification enzymes have 
been identified. Surprisingly, the recently sequenced 
human louse endosymbiont C. R. pediculicola [38] 
appears to have lost all modifications of the tRNA 
body, retaining only a few modifications of the 
anticodon loop and proximal stem (Figure 2): Ψ at 
position 38 and 39; I, k2C, xs2U derivatives and 
xo5U at position 34; and m1G, t6A, i6A and ms2i6A 
at position 37. As it is technically impossible to 
extract enough tRNA from the human louse 
symbiont to analyze the modifications profiles, we 
cannot rule out that additional or unknown 
modifications are present in this organism. For 
example the acp3U47 modification gene has not 
yet been identified in any organism, and could be 
present in C. R. pediculicola (Figure 2).  
An identical analysis was performed on the 
remaining 13 symbionts (#1 to #13, Figure 3). In 
some genomes, additional modifications were 
predicted to be present: s4U8, s4U9, D17, 20, 20a, 
Q34, m7G46 and Ψ55. However, all symbionts 
 
 
Legend to Figure 1. Codon/anticodon/tDNA usage for the 20 canonical amino acids in the 14 symbiont 
genomes and E. coli. The 15 genomes investigated are listed at the top. Full names are given in Supplementary 
Table SS1. Codon usage within each amino acid family decoding boxes is denoted by the letters on the left: “M” 
corresponds to most frequently used codon and “m” to the least used ones, with “M1” > “M2” > “m1” > “m2”, 
etc… to indicate decreasing frequency of codon usage. Rightwards arrows indicate a similar codon usage frequency 
among the 15 genomes. Details about codon usage in each of the 15 bacteria analyzed can be found in Supplemental 
Table SS2. These were obtained from automatic determination of all non-overlapping ORFs of 100 codons or more. 
Vertical bars at the left indicate the six codons of Leu, Ser and Arg respectively. The four columns in the center list 
the amino acids (indicated as “AA”, one- and three-letter code), the codon (“C”) and anticodon (“AC”) at DNA 
level. Anticodons never used are indicated as “---”. Numbers at the right indicate the number of tRNA genes 
harboring the respective anticodons found in each bacteria. Dash signs indicate absence of corresponding tRNA 
gene. tRNA gene search was performed with tRNAscan-SE [59], and the structure of each tRNA was carefully 
inspected for fit to the earlier defined bacterial-type tRNA cloverleaf structure [35]. Only three cases of tRNAs 
(underlined) with more nucleotide than expected (+1 nt in the D-loop) were found. None of the tRNA genes were 
found in plasmids. The key to the color code is: light gray background denotes four-codon family boxes encoding a 
single amino acid; yellow background for AUA codon read by the special Ile-tRNA (CAU with wobble C34 
modified to k2C34 in mature tRNA, see text); green background for the unique A34-containing tRNAArg (I34 in 
mature tRNA, see text); red boxes correspond to ‘quartet’ decoding mode in which a single tRNA with T34 at the 
gene level reads the four codons; blue background denotes C-sparing strategy, the corresponding codon being read 
by a U34 –containing tRNA. The boxes to the right indicate the standard Genetic Code (split in two).  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

16 Valérie de Crécy-Lagard et al.

   

Figure 2

02 Wolbachia endosymbiot of C. quinquefasciatus
03 Wolbachia endosymbiot of D. melanogaster

06 Buchnera aphidicola str. APS

13 Wigglesworthia glossinidia

01 Wolbachia endosymbiot of B. malayi

M
nm

E/
cm

nm
5 U

34

Tg
t/Q

34
Ta

dA
/I3

4

M
nm

A/
s2

U
34

D
us

B/
D

17
’2

0,
20

a

Tr
uA

/ψ
39

Ti
lS

/k
2 C

34

Tr
m

D
/m

1 G
37

Ts
aD

/Y
gj

D
/t6

A3
7

M
ia

A
/i6

A3
7

Tr
uB

/ψ
55

 

Tr
m

B/
m

7 G
46

07 Buchnera aphidicola str. BP
08 Buchnera aphidicola str. CC
09 Buchnera aphidicola str. Sg

05 Buchnera aphidicola str. 5A
04 Buchnera aphidicola str. Tuc7

Extended anticodon region modifications

C
m

oB
/m

o5
U

34

C
m

oA
/(m

)c
m

o5
U

34

Th
iI/

s4
U

8

11 Candidatus Blochmania floridanus

12 Baumannia cicadellinicola

14 Candidatus Riesia pediculicola

10 Candidatus Blochmania pensylvanicus

15 Escherichia coli K12

?/
ac

p3
U

47

?/
m

2 A
37

M
ia

B/
m

s2
i6 A

37

02 Wolbachia endosymbiot of C. quinquefasciatus
03 Wolbachia endosymbiot of D. melanogaster

06 Buchnera aphidicola str. APS

13 Wigglesworthia glossinidia

01 Wolbachia endosymbiot of B. malayi

M
nm

E/
cm

nm
5 U

34

Tg
t/Q

34
Ta

dA
/I3

4

M
nm

A/
s2

U
34

D
us

B/
D

17
’2

0,
20

a

Tr
uA

/ψ
39

Ti
lS

/k
2 C

34

Tr
m

D
/m

1 G
37

Ts
aD

/Y
gj

D
/t6

A3
7

M
ia

A
/i6

A3
7

Tr
uB

/ψ
55

 

Tr
m

B/
m

7 G
46

07 Buchnera aphidicola str. BP
08 Buchnera aphidicola str. CC
09 Buchnera aphidicola str. Sg

05 Buchnera aphidicola str. 5A
04 Buchnera aphidicola str. Tuc7

Extended anticodon region modifications

C
m

oB
/m

o5
U

34

C
m

oA
/(m

)c
m

o5
U

34

Th
iI/

s4
U

8

11 Candidatus Blochmania floridanus

12 Baumannia cicadellinicola

14 Candidatus Riesia pediculicola

10 Candidatus Blochmania pensylvanicus

15 Escherichia coli K12

?/
ac

p3
U

47

?/
m

2 A
37

M
ia

B/
m

s2
i6 A

37

Figure 3

37

I
k2C         
mo5U, (m)cmo5U 
cmnm5U, cmnm5s2U

m2A?
m1G 
t6A
ms2i6A

I (R,1x)
k2C (I,1x),ac4C(M,1x),Cm (L,1x)
mo5U,(m)cmo5U(6x)
cmnm5Um (L,1x)
( c)mnm5(s2)U (Q,K,E+G,R,5x)
Q (Y,H,N,3x),GluQ (D,1x)

m2A (6x)
m6A (V)
m1G (7x)
t6A(7x)
m6t6A(T,1x,more?)
ms2i(o)6A (8x)

37

C. Riesia pediculicola (33 tRNA) Escherichia coli (41 tRNA)

TrmD=RIEPE_0051      >>   m1G

TsaC=YrdC=RIEPE_0421
TsaD= YgjD=RIEPE_0593,    t6A
+ RIEPE_0581
TsaB=YeaZ=RIEPE_0261

MiaA=RIEPE_0253         ms2i6A
MiaB=RIEPE_0078      

Position 37 genes
TadA=RIEPE_0328       >>     Inosine

TilS=RIEPE_0348          >>     k2C

MnmE= RIEPE_0159
MnmG=GidA=RIEPE_0110     cmnm5U
MnmA=RIEPE_0183                        s2U 
SufS=RIEPE_0136              

CmoA= RIEPE_0311      >>    (m)cmo5U
CmoB=RIEPE_0310 (+one?)

Position 34 genes 3'p

acp3U
(8x)

Ψ

8     

9
17(16x) 16(14x)

13

20(26x)

18

20a(14x)

34

32
39(11x)

38(5x)

40(3x)

47
46

5554

65

21(1x)

Um(4x),Cm (3x)
Ψ(3x),s2C (3x)

m7G
(22x)

DGm
(12x)

s4U(26x)
m5U
(41x)

  Ψ
(41x)

  Ψ
(2x)

s4U(2x)
  Ψ(1x)

3'p

5'p

U

acp3U?

Ψ
34

39
38

40

47
TruA=RIEPE_0505

5'p

U

37

I
k2C         
mo5U, (m)cmo5U 
cmnm5U, cmnm5s2U

m2A?
m1G 
t6A
ms2i6A

37

I
k2C         
mo5U, (m)cmo5U 
cmnm5U, cmnm5s2U

m2A?
m1G 
t6A
ms2i6A

I
k2C         
mo5U, (m)cmo5U 
cmnm5U, cmnm5s2U

m2A?
m1G 
t6A
ms2i6A

I (R,1x)
k2C (I,1x),ac4C(M,1x),Cm (L,1x)
mo5U,(m)cmo5U(6x)
cmnm5Um (L,1x)
( c)mnm5(s2)U (Q,K,E+G,R,5x)
Q (Y,H,N,3x),GluQ (D,1x)

m2A (6x)
m6A (V)
m1G (7x)
t6A(7x)
m6t6A(T,1x,more?)
ms2i(o)6A (8x)

37

I (R,1x)
k2C (I,1x),ac4C(M,1x),Cm (L,1x)
mo5U,(m)cmo5U(6x)
cmnm5Um (L,1x)
( c)mnm5(s2)U (Q,K,E+G,R,5x)
Q (Y,H,N,3x),GluQ (D,1x)

m2A (6x)
m6A (V)
m1G (7x)
t6A(7x)
m6t6A(T,1x,more?)
ms2i(o)6A (8x)

37

C. Riesia pediculicola (33 tRNA) Escherichia coli (41 tRNA)

TrmD=RIEPE_0051      >>   m1G

TsaC=YrdC=RIEPE_0421
TsaD= YgjD=RIEPE_0593,    t6A
+ RIEPE_0581
TsaB=YeaZ=RIEPE_0261

MiaA=RIEPE_0253         ms2i6A
MiaB=RIEPE_0078      

Position 37 genes

MiaA=RIEPE_0253         ms2i6A
MiaB=RIEPE_0078      

Position 37 genes
TadA=RIEPE_0328       >>     Inosine

TilS=RIEPE_0348          >>     k2C

MnmE= RIEPE_0159
MnmG=GidA=RIEPE_0110     cmnm5U
MnmA=RIEPE_0183                        s2U 
SufS=RIEPE_0136              

CmoA= RIEPE_0311      >>    (m)cmo5U
CmoB=RIEPE_0310 (+one?)

Position 34 genes
TadA=RIEPE_0328       >>     Inosine

TilS=RIEPE_0348          >>     k2C

MnmE= RIEPE_0159
MnmG=GidA=RIEPE_0110     cmnm5U
MnmA=RIEPE_0183                        s2U 
SufS=RIEPE_0136              

CmoA= RIEPE_0311      >>    (m)cmo5U
CmoB=RIEPE_0310 (+one?)

Position 34 genes 3'p

acp3U
(8x)

Ψ

8     

9
17(16x) 16(14x)

13

20(26x)

18

20a(14x)

34

32
39(11x)

38(5x)

40(3x)

47
46

5554

65

21(1x)

Um(4x),Cm (3x)
Ψ(3x),s2C (3x)

m7G
(22x)

DGm
(12x)

s4U(26x)
m5U
(41x)

  Ψ
(41x)

  Ψ
(2x)

s4U(2x)
  Ψ(1x)

3'p

5'p

U

acp3U
(8x)

Ψ

8     

9
17(16x) 16(14x)

13

20(26x)

18

20a(14x)

34

32
39(11x)

38(5x)

40(3x)

47
46

5554

65

21(1x)

Um(4x),Cm (3x)
Ψ(3x),s2C (3x)

m7G
(22x)

DGm
(12x)

s4U(26x)
m5U
(41x)

  Ψ
(41x)

  Ψ
(2x)

s4U(2x)
  Ψ(1x)

3'p

5'p

U

acp3U?

Ψ
34

39
38

40

47
TruA=RIEPE_0505

5'p

U

acp3U?

Ψ
34

39
38

40

47
TruA=RIEPE_0505

5'p

U



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Decoding in endosymbiont C. Riesia pediculicola              17 

for Arg and Ser. The mnm5U34 modification found 
in some E. coli Gln, Lys, Glu, Arg and Gly tRNAs, 
is predicted to be cmnm5U34 in the corresponding 
C. R. pediculicola tRNAs, because of the presence 
of MnmE and MnmG and the absence of MnmC. 
This last enzyme normally catalyzes the stepwise 
decarboxylation of the ‘cmnm’ group attached to 
C5 of U34, followed by methylation of the 
resulting ‘nm’ group into the final product 
mnm5U34 [39]. An alternative mnm5U34 
biosynthetic pathway using ammonium instead of 
glycine as a cofactor has been demonstrated in 
 

additional modification of several E. coli bases. 
These are 2’O-methylation of C32 (Cm) in 
tRNASer (*UGA) and tRNATrp (CCA) or U32 
(Um) in tRNAs specific for Pro, His and Gln, as 
well as C34 (Cm) or U34 (Um) in E. coli tRNALeu 
(*UmAA) and tRNALeu (CmAA). Many complex 
modifications are predicted to be missing in 
C. R. pediculicola tRNAs: the acetyl group in 
elongator tRNAMet (ac4C34), the N6-methylations 
of A37 or t6A37 in tRNAThr (GGU/UGU), Q34 or 
GluQ34 in tRNA specific for Tyr, His, Asn and 
Asp, and the thio-group on C32 in several tRNA 
 
 
 
 
 
 
 
 

Legend to Figure 2. Prediction of the tRNA modifications present in C. R. pediculicola and comparison with 
E. coli. The analysis of the modification genes present in the genome of C. R. pediculicola was performed using the 
SEED database. We constructed a subsystem containing all known E. coli tRNA modifications genes (see “tRNA 
modification E. coli” subsystem available on the Public SEED, http://pubseed.theseed.org/SubsysEditor.cgi) and 
extended it to C. R. pediculicola. A manual search of the genome (NC_014109, NC_013962) using BlastP and 
tBlastN [60] with the E. coli proteins from the “tRNA modification E.coli” subsystem as input was performed. The 
gene list used is also found in Table 1 of [61] with the addition of the gene encoding TsaA involved in m6t6A 
formation (T. Suzuki and V. de Crécy-lagard, personal communication) and TsaD/YgjD involved in t6A formation 
[16]. In E. coli, IscS and TusABCDE are required for thiol transfer [3], but no TusACDE  homologs were found in 
C. R. pediculicola and SufS is the only IscS homolog in this organism. The m2A37 methylase encoding gene has not 
been identified in any organism. The same is true for the acp3U47 gene, hence the question marks. We previously 
predicted yfiF encodes the missing methylase [62], but this has not been experimentally validated. No yfiF homolog 
or no other methylase of unknown function could be identified in the C. R. pediculicola genome, making the 
presence of m2A37 in this organism unlikely. Finally, to make sure no other genes had been missed, all known 
tRNA modification genes from B. subtilis and S. cerevisiae were queried in  C. R. pediculicola (using the 
subsystems “tRNA modification Bacteria”, “tRNA modification yeast cytoplasmic” and “tRNA modification yeast 
mitochondrial” [63]). The genes present in C. R. pediculicola are listed in the dashed boxes, with prediction of the 
resulting modification. Assuming that gene products in C. R. pediculicola exhibit the same specificity as the E. coli 
homologs, one can predict which modifications are found in the 33 tRNAs of the symbiont.  They are all localized 
in the anticodon loop and proximal stem (indicated by numbered grey circles, the whole cluster of modified 
nucleotides being encircled by dashed line). Only acp3U, normally present at position 47, cannot be excluded 
because the gene coding for the corresponding enzyme is unknown. For the same reason, it is not certain if m2A37 
is present.  For comparison, the same tRNA cloverleaf is shown with all the modified nucleotides identified so far 
by sequencing the 37 fully mature E. coli tRNA, as indicated in Figure 1 (only 4 isoacceptor tRNA remain to be 
sequenced, see Figure 4). The modified nucleotides common to both bacteria are indicated in black, while the ones 
found only in E. coli are indicated in grey. In brackets, the number of isoacceptor tRNAs containing a given 
modification is indicated. When this number is low, the identity of the modified tRNA is also indicated using the 
one letter code for amino acid. Open circles correspond to positions in E. coli tRNAs where no modification has 
been found. This compilation was adapted from previously published data [2, 3]. Full names for the different 
acronyms used to define a given modified base can be found in the MODOMICS database [1]. 

Legend to Figure 3. Prediction of tRNA modifications present in insect symbionts. A signature gene was 
chosen for every modification and the distribution of the genes analyzed in all genomes listed in Figure 1 by adding 
them to the “tRNA_modification_E._coli” subsystem on the Public SEED server. Only the genes that were found in 
at least one of the genomes analyzed other than E. coli are shown, with the exception of the ones responsible for 
m2A37 and acp3U47 modifications that have yet to be identified in E. coli. Grey boxes denote genes present in all 
genomes analyzed. Black boxes denote genes present in E. coli and in some of the symbiotic genomes. White boxes 
denote that a specific gene is missing in a specific organism.  
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wobble U base enhances the ability of the tRNA 
to pair with all four codons, a property that was 
also demonstrated for a non-modified wobble 
U-base [44]. These observations again suggest 
that U34 modification of tRNA belonging to 
quartet decoding boxes can be dispensable, however 
only in certain extended anticodon contexts [45].  
The situation is different in the cases of bacterial 
tRNAs belonging to the split/duet decoding boxes, 
such as tRNAs specific for Phe/Leu, His/Gln, 
Asn/Lys, Asp/Gly and Ser/Arg that depend 
strictly on the identity of modified nucleotides at 
wobble U base. E. coli, all of the insect symbionts 
analyzed in this work, and all of the Mollicutes 
analyzed earlier rely on xm5U and xm5s2U 
derivatives to allow accurate and efficient 
discrimination of the duet codons ending with a 
pyrimidine U or C. The other duet codons of the 
same decoding box ending with a purine A or G 
being efficiently read by a G34 or modified G34-
containing tRNA (reviewed in: [22, 46]).  
Other important, modified nucleotides conserved 
in C. R. pediculicola, and possibly essential in all 
bacteria, are the pseudouridines at positions 38, 39 
and/or 40 and the modified purine at position 37 
found in tRNAs harboring an anticodon ending 
with A36, G36 or U36, modified into (ms2)i6A37, 
m1G37 or m2A37 and (m6)t6A37, respectively 
(Figure 4). Removal of these modifications has been
shown to have a detrimental effect on efficiency 
and accuracy of decoding (reviewed in [47, 48]). 
However, one cannot generalize the essentiality of 
 

E. coli MnmE/MnmG mutants in vitro [40]. 
Therefore, it is possible that such an alternative 
ammonium mediated biosynthetic pathway leading 
to the final nm5U34 derivative is used in the insect 
symbiont (thus by-passing the formation of 
cmnm5U34). The cmo5U34 modification is found 
in E. coli tRNAs belonging to quartet decoding 
boxes for Leu (anticodon *UAG), Val (*UAC), 
Ser (*UGA), Pro (*UGG), Thr (*UGU) and Ala 
(*UGC). Its synthesis requires at least three 
enzymes, only two of which are known (CmoA-
yecO and CmoB-yecP [41, 42]). The methylester 
of cmo5U at position 34 (mcmo5U not mentioned 
in any of the cases in Figure 4) is reported to be 
base labile and thus only cmo5U is usually 
detected during most analyses of modified 
nucleosides. In E. coli, tRNASer and tRNAAla, but 
not tRNAVal were reported to be substrates for the 
E. coli and Salmonella CmoA methyltransferase 
[3]. Remarkably, genes coding for CmoA-CmoB 
are found in C. R. pediculicola but absent in all 
the other 13 insect symbionts analyzed (Figure 3) 
as well as in Mycoplasma [24, 43]. This suggests 
that the cmo5U34 modification is dispensable, and 
cmoA/cmoB could be the next set of modification 
gene lost by C. R. pediculicola. Alternatively, the 
maintenance of cmo5U in several C. R. pediculicola 
tRNAs could result from subtle decoding constraints 
specific to that organism. Several studies exploring 
the function of (m)cmo5U derivatives versus ho5U 
modified U34 [3, 41, 42] concluded that the
(m)cmo group added to the C5 atom of the 
 

Legend to Figure 4. Comparative decoding strategies of C. Riesia pediculicola and E. coli. In the standard 
genetic code, each decoding box contains information about identity of nucleotides present in the anticodon loop 
and proximal stem, as illustrated in the decoding box corresponding to codons UAA/UAG (labeled in figure as 
“Extended anticodon”). Shown are the nucleotides at positions 32, the three anticodon bases (34-36) and nucleotide-
37 (both in grey background) and the sequence of nucleotide 38-40. On the right side of each decoding box, is listed 
the information for E. coli isoacceptor tRNAs obtained from the tRNA data banks [2, 3]. On the left side of each 
decoding box, is listed the information for the homologous C. R. pediculicola (Riesia) isoacceptor tRNAs. The 
identities of the nucleotides were obtained directly from the tRNA gene analysis (this work, Figure 1), while the 
presence of modified nucleotides was deduced by combining knowledge from the analysis done in Figure 2 with the 
known modifications at identical positions in the corresponding E. coli tRNAs. The color code is as in Figure 1. In 
dark green background, are the only four mature tRNAs in E. coli that have not yet been sequenced, only the 
sequence of the corresponding genes are known. Differences between the two sets of bacterial isoacceptor species 
are highlighted by red letters. The exact chemical nature of the hypermodified m1G?37 in E. coli tRNALeu is not 
known [3], so only the m1G moiety was indicated for the insect symbiont tRNA. Also the presence of m2A37 in 
C. R. pediculicola is questionable (see Figure 2 legend) and indicated as ?m2A. 
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outside the anticodon region (reviewed in [3]
and [4]) are dispensable in the context of 
intracellular organisms with slow growth rates 
and probably with limited sets of nucleases genes 
and whertRNA degradation might be less of an 
issue [9]. Indeed, one can expect that protein 
synthesis might not be as accurate in Mollicutes 
and insect symbionts as in more sophisticated 
free-living bacteria. However, since these 
organisms are not in constant competition with 
other bacteria, they can certainly survive with a
less efficient translation system. The positions
of these parasites on the bacterial phylogenetic 
tree suggest that these are fast evolving bacteria 
with elevated mutation rates ([29] and several 
chapters of [54]). Proteins generated by an 
inaccurate translation system might provide an 
advantage to the parasite to evolve faster than other 
bacteria producing a more homogeneous proteome 
(discussed in [55-57]) and could be an advantage 
for fast adaptation to the host.   
The conservation of genes coding for modification 
enzymes acting at the wobble position as well 
as the proximal anticodon bases (position 37-40), 
at least in organisms having a relatively low G+C 
content (below 35%, like Mollicutes and most 
insect symbionts), definitively pointed out the 
importance of these modifications for maintaining 
minimalist accuracy and efficacy in reading the 
genetic code based on 61 sense codons for 20 amino 
acids. Analyzing genomes of organisms having 
progressively reduced the size of their genomes 
allows for identification of the genes more resistant 
to loss. Hence, from an evolutionary perspective, 
Mollicutes and insect symbionts constitute excellent 
biological specimens to identify strategies developed 
during evolution for reading the genetic code with 
a minimal set of tRNAs and modification 
enzymes, a situation that could correspond to 
what might have occurred at an early stage of life, 
when the genetic code was just emerging [24, 58]. 
 
Note added in proofs: It was recently found 
that the E. coli rlmN gene encodes the missing 
m2A37 methyltransferase (Eugenia Armengod, 
personal communication). RlmN homologs are 
present in most insect symbiont genomes, including 
 
 

these modifications to all tRNA sets, as the 
naturally occurring E. coli tRNASer(GGA) and/or 
tRNAs harboring an anticodon ending with A37
in most Mycoplasmas lack i6A37 or ms2i6A37 
derivatives [24, 49]. It is clear from our analysis 
that the genes responsible for the insertion of
Ψ38-40, m1G37, t6A37, cmnm5U34 and s2U34 
remain resistant to loss. This suggests that these 
genes emerged early during cellular evolution, 
and, once fixed in the genome, became essential 
for the cell. 
 
DISCUSSION  
Both the insect symbionts and Mollicutes analyzed 
in our work are derived from bacteria with larger 
genomes (gram-negative Proteobacteria and gram-
positive Firmicutes, respectively). During their 
evolutionary adaptation to their specific eukaryotic 
host cell, these organisms have massively lost 
genes, including genes coding for many isoacceptor 
tRNA and tRNA modification enzymes. With their 
minimal genomes, and unlike more specialized 
organelles, they are generally considered to 
correspond to the simplest living, autonomous 
organisms. We purposely did not include in our 
analysis genomes of insect symbionts with 
extremely reduced genomes (below 300 kb), such 
as Candidatus Carsonella ruddi, the endosymbiont 
of the psyllid Pachpsylla venusta (genome size of 
160 kb with 183 CDSs [50]) and the very recently 
sequenced Candidatus Tremblaya princeps str 
PCVAL of the citrus mealybug Planococcus citri 
(genome size of 138kb, about 110 CDSs [51]). 
Both C. Carsonella ruddii and C. Tremblaya 
princeps have lost several enzymes required for 
self-replication, several ribosomal RNA, and 
many aminoacyl-tRNA synthetases. C. Tremblaya  
princeps has even lost most of its tRNA genes. 
These organisms must therefore rely on host 
proteins and tRNAs. They resemble organelles 
(mitochondria and plastids) [32, 52, 53], and 
cannot be used in our analysis as we cannot predict 
the presence of modifications from the presence 
of the corresponding genes in the endosymbiont. 
The finding that C. R. pediculicola has lost all 
modifications of the tRNA body suggests that the 
structural and recognition roles of modifications 
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