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Microsporidia are obligate intracellular, eukaryotic parasites of medical and commercial importance, 
which can infect almost all animals including humans. However, their ribosomes are not of the 80S type 
as other eukaryotes, but like the prokaryotic 70S ribosome. In order to get the global composition of 
ribosomal protein genes of Nosema bombycis, the pathogen of Pébrine, and their comparative 
genomics’ characteristics, a genome-wide survey in N. bombycis genome was performed. From the 
results, we identified 130 CDSs corresponding to 73 ribosomal protein genes. Among them, three 
ribosomal protein genes (RPL19, RPS4 and RPS18) with short introns (23 or 24 bps) were verified by N. 
bombycis ESTs, and they have the same structure among microsporidia. The novel arrangements of 
‘AAATTT-like signal – CCC/GGG-like motif – transcription start site’ are present in the upstream 
sequences of ribosomal protein genes, and several regulatory elements that may have synergy with 
introns of ribosomal protein genes for its high transcriptional frequency were detected too. 76.7% 
ribosomal protein genes of N. bombycis were located in syntenic blocks, indicating that their gene order 
was conserved among microsporidian species. And phylogenic trees show its ancient eukaryotic 
position too. The characterization of the total ribosomal proteins contributes a first step to ribosomal 
proteins’ transcription regulation, evolution of microsporidia.  
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INTRODUCTION 
 
Ribosome is a ribonucleoprotein complex that is 
composed of rRNAs and proteins, and is responsible for 
the synthesis of polypeptide chains in all living cells. The 
70S ribosome belongs to prokaryote, while eukaryotes 
harbor 80S ribosome. Atomic resolution crystal structures 
of prokaryotic ribosome suggest that the two fundamental 
activities of ribosome (peptidyl transfer at the P site and 
decoding activity at the A site) are carried out by the RNA 
(Ban et al., 2000; Nissen et al., 2000; Ogle et al., 2001). 
The structure and function of both prokaryotic and 
eukaryotic ribosome have been investigated. The 
cytosolic ribosome is composed of a large number of 
ribosomal proteins (RPs)  and  distinct  rRNAs  (three  
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distinct rRNAs in prokaryotes and four in eukaryotes). 
Prokaryotic ribosome and ribosomal proteins have 
provided knowledge of ribosome structure and com- 
position. Three dimensional structures of small and large 
ribosomal subunits of thermophilic eubacteria have been 
earlier described at 5.5- and 2.5-Å resolution from 
crystallographic data (Ban et al., 1999, 2000; Clemons et 
al., 1999), respectively. In total, 55 ribosomal proteins 
have been identified in Escherichia coli and their amino 
acid sequences have been determined (Wittmann, 1982; 
Wittmann-Liebold et al., 1990). The ordered assembly 
process of eubacterial ribosome was also documented 
too (Nomura et al., 1984; Culver et al., 1999). As well 
known, ribosomes of an archaebacterial ancestor gave 
rise to the cytosolic ribosomes of eukaryotes (Matheson 
et al., 1990; Wittmann-Liebold et al., 1990; Wool et al., 
1995). However, the ribosomal proteins of plastids and 
mitochondria indicate evolutionary similarity to those  of  
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eubacteria and include organelle-specific proteins 
(Graack and Wittmann-Liebold, 1998; Koc et al., 2000; 
Yamaguchi and Subramanian, 2000; Yamaguchi et al., 
2000). In eukaryotes, the ribosomal protein component of 
Rattus norvegicus was determined by direct protein 
sequencing followed by gene cloning and a presumed 
complete set of 79 ribosomal proteins was compiled 
(Wool et al., 1995). In addition, genes corresponding to 78 
ribosomal proteins of Saccharomyces cerevisiae were 
also identified through genome sequencing efforts 
(Goffeau et al., 1996; Planta and Mager, 1998). The 
evolutionary conservation of ribosomal proteins is not 
surprising given the constraints of rRNA-protein inter- 
actions, coordinated ribosome assembly, and ribosome 
function. Actually, phylogenetic relationships between 
animal, fungi, and plant kingdoms have been obtained by 
comparison of orthologous ribosomal proteins (Veuthey 
and Bittar, 1998).  

Also, the distribution of ribosomal protein genes of both 
prokaryotes and eukaryotes has been examined. In 
eubacteria, lots of the ribosomal protein genes are 
clustered in a few operons, which allows for coordinated 
regulation (Nomura et al., 1984). For humans, 75 
ribosomal protein genes have been located and they are 
distributed on all chromosomes, with a bias toward 
chromosome 19 (Kenmochi et al., 1998b). Synthesis of 
ribosomal proteins in eukaryotes requires coordination of 
now unlinked genes. It is conspicuous that the regulation 
of ribosomal protein gene expression appears to occur at 
the transcriptional level in S. cerevisiae (Planta and 
Mager, 1998) and predominantly at the translational level 
in animals (Meyuhas, 2000; Meyuhas and Hornstein, 
2000).  

For the ribosome of microsporidia, which is same as the 
other two amitochondriate groups of unicellular eukar- 
yotes, diplomonads and parabasalids; they exhibit certain 
distinct features when compared with ribosomes of 
‘typical’ eukaryotes such as S. cerevisiae or R. norvegicus. 
These features are that the 70S sedimentation coefficient 
of microsporidian (N. bombycis) (Ishihara and Hayashi, 
1968) and trichomonad (Champney et al., 1992) 
ribosomes have shorter small and large subunit ribosomal 
RNAs (Vossbrinck et al., 1987; Sogin et al., 1989; 
Chakrabarti et al., 1992; Healey et al., 1990; Philippe and 
Germot, 2000; Peyretaillade et al., 1998) than those found 
in ‘typical’ eukaryotes, and the presence of fewer proteins 
(40 to 56) in trichomonad ribosomes (Champney et al., 
1992), which is absent in microsporidia of the internal 
transcribed spacer 2 present in the LSU rRNA region of all 
other eukaryotes (Weiss and Vossbrinck, 1999). 
Moreover, a covalent link joins the 5.8S region with the 
LSU as seen in prokaryotes. Previously, these features 
were regarded as one part of evidence that made them 
‘prokaryotic’ or ‘primitive eukaryotic’, although, more 
recent work indicates that none of these provide a 
compelling argument for such status (Roger, 1999). In 
addition, recent phylogenetic studies  have  consistently  

 
 
 
 
supported a placement of these organisms as a basal 
lineage of the fungi (Franzen et al., 2006; Germot et al., 
1997; Hirt et al., 1997; Peyretaillade et al., 1998). These 
parasites are characterized by small genomes ranging 
from only 2.3 Mb to 23 Mb (Peyretaillade et al., 1998; 
Belkorchia et al., 2008), a trait reflected in the short length 
of most putative proteins compared to eukaryote 
orthologues and compact gene organization. To date, 
over 1300 species of Microsporidia (in 160 genera) have 
been formally described in the literature, based on their 
cellular structure, life cycle, and host specificity (Corradi 
and Keeling, 2009). Unfortunately, the characterization of 
ribosome does not encompass these features for all three 
groups, and thus, it remains to be established whether the 
protein components really separate these groups from the 
‘typical’ eukaryotes. 

Till date, there are a few reports about the ribosomal 
proteins of microsporidia. Using a genome-wide investi- 
gation of synteny between a broader range of fungi and 
three microsporidia, the only conserved gene pair was 
RPL21 and RPS9 (Lee et al., 2008), which is intriguingly 
conserved across all fungi, but not in species outside the 
fungal kingdom, suggesting an ancient functional role for 
this gene pair within the fungi. After a small spliceosomal- 
type intron had been discovered in a ribosomal protein 
gene of Encephalitozoon cuniculi (Biderre et al., 1998), 11 
ribosomal protein genes which harbor a short intron 
sequence have been found (Katinka et al., 2001). In 
Nosema ceranae genome, six ribosomal protein genes 
with predicted short introns have been identified, only five 
of them are orthologs to ribosomal protein genes of E. 
cuniculi (Cornman et al., 2009). However, no spliceo- 
somal intron has been found in ribosomal protein genes in 
the Enterocytozoon bieneusi genome data (Akiyoshi et al., 
2009). And RPL5 gene, which contains an intron in E. 
cuniculi, does not contain an intron in Edhazardia aedis 
(Gill et al., 2008).  

As the first discovered microsporidia, N. bombycis has 
been studied since the middle of the nineteenth century. N. 
bombycis is an obligate intracellular parasite of the 
domesticated silkworm, and as the causative agent of 
pebrine disease, is still prevalent in sericulture. Through 
pulse-field gel electrophoresis (PFGE), the number of 
chromosomes in N. bombycis was estimated at 18, 
ranging from approximately 380 to 1500 kbp, with a total 
size of approximately 15,330 kb (Kawakami et al., 1994). 
Recently, the genome project of N. bombycis had been 
performed in our laboratory. To date, a whole genome 
shotgun database with 7.8-fold coverage of the whole 
genome and a cDNA library with 11,155 expressed 
sequence tags were constructed successfully. For ribo- 
somal RNA, we performed a genome-wide analysis and 
find that the ribosomal RNA of N. bombycis is multiple and 
distributed on all chromosomes (Liu et al., 2008), but the 
characteristics of ribosomal proteins are still unknown.  

In this study, a genome-wide analysis was performed to 
the cytoplasmic ribosomal protein genes (RPGs)  of  N.  



 
 
 
 
bombycis and the total ribosomal protein genes have 
been identified. At the same time, the characteristics and  
genome distribution of all RPGs have been displayed and 
there are three ribosomal protein genes containing short 
intron sequences verified by ESTs. Also, the core 
promoter and regulatory elements corresponding to 
ribosomal protein genes are predicted in the upstream 
sequence. In order to get more information among 
different microsporidian, syntenic maps and phylogenic 
trees are constructed for all ribosomal protein genes.  
 
 
MATERIALS AND METHODS 
 
Based on the N. bombycis genome, in total, we perform a 
genome-wide survey to search the genome annotation table using 
the key words “ribosomal protein”. Also, using the annotation 
ribosomal protein gene sequences in other organisms (including E. 
cuniculi, Antonospora locustae, E. bieneusi, N. ceranae and S. 
cerevisiae) as query, a BLAST searching was conducted on N. 
bombycis genome in order to find more ribosomal protein gene 
orthologues. In order to display the distribution of ribosomal proteins 
on N. bombycis genome, pictures of ribosomal protein genes 
located on genome have been plotted using a script of Perl 
programmer (drawContigStructure). Some ribosomal protein genes 
which clustered on one scaffold have been exhibited too. In other 
microsporidian, such as E. cuniculi, N. ceranae and A. locustae, 
ribosomal protein genes which harbor intron have been documented 

before (Katinka et al., 2001; Cornman et al., 2009; Peyretaillade et 
al., 2009). However, we haven’t found intron in another 
microsporidian E. bieneusi. So, using the same method, we 
searched introns in ribosomal protein genes of N. bombycis.  

The core promoter regions of ribosomal protein genes were 
predicted by a promoter-finding program, which was designed on 
the basis of time-delay neural network, Neural Network Promoter 
Prediction (http://www.fruitfly.org/seq_tools/promoter.html). The 
parameter of minimum promoter score of each gene was set at 0.8 

(Reese, 2001). After predicting the promoter of the ribosomal protein 
genes and aligning their sequences by ClustalX software, we 
treated the core promoters using Weblogo 
(http://weblogo.berkeley.edu/logo.cgi). The position of the nucleotide 
sequences was calculated based on the distance from the initiation 
site of the predicted transcription start site (TSS, +1). The regions 
500 bps upstream from the transcription initiation site were used for 
analyzing the potential binding sites for the transcription regulatory 
motifs by NSITE program (http://www.softberry.com/ berry.phtml).  

As a class of very conservative gene, ribosomal protein genes 
have some conserved characteristics on gene order among the five 
sequenced microsporidia. To compare the locations of different 
microsporidian RPGs, syntenic maps of RPGs containing regions 
among E. cuniculi, A. locustae, N. ceranae, E. bieneusi and N. 
bombycis were plotted with a Perl script based on the genome data 
of N. bombycis, E. cuniculi (http://www.ncbi.nlm.nih.gov), A. locustae 
(http: //jbpc.mbl.edu/Nosema), N. ceranae (http://www.ncbi.nlm.nih. 

gov) and E. bieneusi (http://www.ncbi.nlm.nih.gov). Othologous 
genes were identified using BLASTP program (Altschul et al., 1997). 
We retrieved almost all ribosomal protein-related sequences by 
searching NCBI database (http:// www.ncbi.nlm.nih.gov/) using 
BLASTP (Altschul et al., 1990). Multiple sequence alignments were 
initially made using the program ClustalX version 1.83. These 
alignments were then reconciled and further adjusted by eye to 
minimize insertion/deletion events. A completed ribosomal protein 
sequence region of each RPGs was used in the subsequent 

phylogenetic analyses, which included the RPGs signature motif. 
Phylogenetic trees were reconstructed using the neighbor-joining 
method (Saitou and Nei, 1987) implemented in MEGA 4.0  program  
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(Tamura et al., 2007). Bootstrap support was evaluated based on 
1000 replicates. 
 
 

RESULTS 
 

Characteristics of ribosomal protein genes in N. 
bombycis 
 

As other organisms, N. bombycis also has lots of 
ribosomal proteins which combine with rRNA to form a 
complete ribosome. In N. bombycis genome, we identified 
a total of 130 ribosomal protein (RP) gene hits (including 
both complete and incomplete sequences) corresponding 
to 73 putative cytoplasmic ribosomal protein types, which 
include 30 putative small-subunit proteins encoded by 51 
RP gene hits and 43 putative large-subunit proteins 
encoded by 79 RP gene hits. There are 72 ribosomal 
protein genes in E. cuniculi genome and the identity of all 
ribosomal proteins between N. bombycis and E. cuniculi 
is around 33 to 77% at amino acid level, and RPL10, 
RPL23, RPS23 and RPS26 are 70, 77, 75 and 72%, 
respectively. This indicates that these housekeeping 
genes are conserved in microsporidian species.  

Furthermore, there were only six multiple copy genes in 
E. cuniculi. However, more than half of RPGs are multiple 
in N. bombycis in spite of containing some incomplete 
sequences and it is mainly the length difference among 
different copies of RPGs. Among all RPGs, we only found 
29 ribosomal protein genes which have EST proofs (about 
368 EST hits) in NbBmEST database. Domain of each 
ribosomal protein sequence was predicted on 
http://smart.embl-heidelberg.de/. Molecular weight and 
theoretical pI also were predicted by the BioXM software. 
All basic characteristics of each ribosomal protein have 
been displayed in Table 1. 
 
 

Ribosomal protein genes’ distribution on N. bombycis 
genome 
 

In N. bombycis genome, 130 ribosomal protein genes 
were distributed on 92 superscaffolds. Among them, there 
are 26 superscaffolds harbor at least two RP genes. 
Among them, there are four superscaffolds (nbo2, nbo6, 
nbo10 and nbo13), which contain more than four RP 
genes on each superscaffold (Figure 1). In addition, we 
found some RP genes are multiple in N. bombycis 
genome. Four pairs of RP genes were found not only 
multiple, but also in a tandem order distributed on different 
superscaffolds (Figure 2). RPL8-A gene and RPS17 gene 
were located on superscaffold nbo2, nbo18 and nbo1552 
(Figure 2a); RPL10 gene and RPS19 gene were located 
on superscaffold nbo12 and nbo419 (Figure 2b); RPL13 
gene and RPS16 gene were located on superscaffold 
nbo16 and nbo386 (Figure 2c); RPL17 and ubiquibitin/L40 
were located on superscaffold nbo67 and nbo98 (Figure 
2d). And the transcriptive directions of tandem RP genes 
are conserved among its corresponded  superscaffolds, 
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Table 1. Identification and characteristics of ribosomal protein genes of N. bombycis.  

 

Annotation of 
ribosomal protein 

Location on 
genome 

GenBank 
Accession No. 

Number of amino 
acids (Aa) 

Domain 

(SMART predicted) 
intron 

GC content 
(%) 

Copy number 
in genome 

Molecular 
weight (kDa) 

Theoretical 
pI 

EST 
proof 

RPSA 
NBO_554 g 0006 HQ291394 260 Ribosomal_S2 NF 34.36 1 29.39 5.22 N 

NBO_64 g 0055 HQ291395 99(NC) NO NF 32.33 1 11.50 4.52 N 

RPS2 

NBO_81 g 0008 HQ291367 116(NC) 

Ribosomal_S5 NF 

38.46 

3 

12.67 5.84 N 

NBO_1209 g 
0001 

HQ291366 197(NC) 39.06 21.37 9.15 N 

NBO_1208 g i001 HQ291365 240 37.81 26.46 9.38 N 

RPS3 NBO_41 g 0036 HQ291390 214 Ribosomal_S3 NF 32.71 1 23.60 9.52 N 

RPS3aE NBO_76 g 0005 HQ291405 235 Ribosomal_S3Ae NF 33.47 1 26.41 9.96 N 

RPS4 NBO_13 g 0033 HQ291370 172 Ribosomal_S4e YES 32.76 1 19.82 5.11 Y 

RPS5 NBO_70 g 0002 HQ291404 205 Ribosomal_S7 NF 34.63 1 23.10 10.01 Y 

RPS6 
NBO_53 g 0020 

NBO_53 g 0021 

HQ291392 

HQ291393 

218 

218 
Ribosomal_S6e NF 

35.01 

35.01 
2 24.85 9.8 Y 

RPS7 

NBO_20 g 0021 

NBO_1210 g 
0002 

HQ291369 

HQ291368 

74 

163 
NO NF 

32 

2 

8.28 6.71 Y 

30.28 18.85 6.33 Y 

RPS8-B 

NBO_10 g 0072 

NBO_996 g 0002 

NBO_1167 g 
0001 

HQ291357 

HQ291359 
170 Ribosomal_S8e NF 

35.87 

35.67 

35.28 

3 

19.00 10.27 Y 

HQ291358 
19.00 10.27 Y 

19.03 10.27 Y 

RPS9 
NBO_72 g 0004 

NBO_594 g i001 

HQ291399 

HQ291398 

187 

50(NC) 
Ribosomal_S4 NF 

35.64 

34.00 
2 

21.56 9.99 N 

6.06 10.28 N 

RPS11 NBO_64 g 0024 HQ291403 122 Ribosomal_S17 NF 36.59 1 13.96 10.26 N 

RPS12 NBO_29 g 0033 HQ291382 149 Ribosomal_L7Ae NF 29.56 1 17.03 8.35 N 

RPS13 
NBO_13 g 0045 

NBO_445 g i001 

HQ291372 

HQ291373 

1145 

149 

Ribosomal_S13; 
Ribosomal_S15 

NF 
31.27 

34.44 
2 132.25 5.32 Y 

RPS14 

NBO_54 g 0017 

NBO_1061 g 
0002 

HQ291362 

HQ291361 

135 

111 
Ribosomal_S11 NF 

41.18 

42.26 
2 

14.48 10.49 Y 

11.84 10.94 Y 

RPS15 
NBO_56 g 0004 

NBO_59 g i001 

HQ291396 

HQ291397 
148 Ribosomal_S19 NF 

33.11 

33.11 
2 

16.84 9.59 N 

16.87 9.62 N 

RPS15a NBO_6 g 0022 HQ291400 127 Ribosomal_S8 NF 34.38 1 14.55 9.59 Y 

RPS16 
NBO_16 g 0058 

NBO_386 g 0016 

HQ291376 

HQ291377 
146 Ribosomal_S9 NF 

41.72 

41.5 
2 

16.67 9.65 Y 

16.65 9.60 Y 

RPS17 
NBO_2 g 0034 

NBO_18 g 0032 

HQ291379 

HQ291378 
120 Ribosomal_S17e NF 

37.19 

36.64 
2 

14.06 9.52 Y 

14.06 9.52 Y 

RPS18 

NBO_66 g 0017 

NBO_1315 g 
0002 

HQ291375 

HQ291374 
115 Ribosomal_S13 YES 

37.93 

37.36 
2 

13.16 10.72 Y 

13.16 10.72 Y 
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Table 1. Continues. 

 

RPS19 
NBO_419 g 0009 

NBO_12 g 0023 

HQ291364 

HQ291363 
101 Ribosomal_S19 NF 

24.42 
2 

11.90 9.59 N 

23.76 11.86 9.59 N 

RPS20 
NBO_1009 g 
0002 

HQ291360 119 Ribosomal_S10 NF 34.17 1 13.75 5.38 Y 

RPS21e 
NBO_32 g 0001 

NBO_86 g 0004 

HQ291384 

HQ291385 
68 Ribosomal_S21e NF 

33.82 

34.3 
2 

7.50 6.14 Y 

7.50 6.14 Y 

RPS23 NBO_3 g 0051 HQ291383 389 Ribosomal_S12 NF 30.76 1 45.25 9.73 N 

RPS24-A NBO_6 g 0054 HQ291402 131 Ribosomal_S24e NF 37.12 1 15.13 10.16 N 

RPS25 NBO_13 g 0044 HQ291371 67 NO NF 34.8 1 7.86 9.80 Y 

RPS26-3 

NBO_37 g 0009 

NBO_44 g 0012 

NBO_641 g 0001 

HQ291387 

HQ291388 

HQ291389 

103 Ribosomal_S26e NF 

33.97 

33.65 

34.62 

3 11.90 10.17 N 

RPS28e NBO_41 g 0041 HQ291391 67 Ribosomal_S28e NF 35.29 1 7.56 9.25 N 

RPS30 NBO_6 g 0036 HQ291401 60 Ribosomal_S30 NF 39.89 1 7.10 11.31 N 

RPS31 

NBO_367 g 0007 

NBO_366 

NBO_198 

HQ291386 138 
Ubiquitin; 
Ribosomal_S27 

NF 

32.13 

32.13 

31.4 

3 

15.82 9.13 Y 

15.81 8.83 Y 

15.80 9.13 Y 

RP S1 + IF2 
NBO_304 g 0003 

NBO_20 g 0032 

HQ291381 

HQ291380 
286 S1; EIF_2_alpha NF 

30.66 

30.31 
2 

32.33 7.97 N 

32.36 8.26 N 

RPL3 
NBO_11 g 0008 

NBO_85 g 0009 

HQ291421 

HQ291422 

384 

664 
Ribosomal_L3 NF 

36.36 

33.79 
2 

43.31 10.06 N 

76.43 9.04 N 

RPL4 

NBO_13 g 0061 HQ291439 334 Ribosomal_L4 NF 35.92 1 37.84 9.74 Y 

NBO_1546 g 
0001 

HQ291440 192(NC) Ribosomal_L4 NF 36.79 1 21.44 10.14 Y 

RPL5 NBO_73 g 0002 HQ291479 317 NO NF 36.38 1 34.68 5.10 N 

RPL5-B 
NBO_66 g 0043 

NBO_941 g 0003 

HQ291472 

HQ291473 
284 Ribosomal_L18p NF 

32.51 

32.63 
2 

33.17 9.75 N 

33.14 9.76 N 

RPL6 NBO_3 g 0006 HQ291457 801 Ribosomal_L6e NF 35.5 1 91.81 8.93 N 

RPL7 NBO_919 g 0001 HQ291484 232 Ribosomal_L30 NF 33.62 1 27.25 9.54 N 

RPL8 
NBO_28 g 0076 

NBO_30 g 0007 

HQ291455 

HQ291456 
237 Ribosomal_L2 NF 

38.38 

38.52 
2 

25.81 9.91 N 

25.84 9.91 N 

RPL8-A 
NBO_2 g 0031 

NBO_18 g 0035 

HQ291452 

HQ291451 
203 Ribosomal_L7Ae NF 

35.46 

36.27 
2 

23.03 9.71 N 

23.00 9.71 N 

RPL9 NBO_914 g i001 HQ291483 56 NO NF 37.06 1 6.41 8.66 N 

RPL9-B NBO_10 g 0064 HQ291406 186 Ribosomal_L6 NF 34.76 1 21.04 9.68 N 

RPL10 

NBO_419 g 0008 

NBO_12 g 0022 

NBO_9 g 0005 

HQ291426 

HQ291425 

HQ291427 

116 

116 

520 

Ribosomal_L16 

NF 

37.04 

3 

13.27 10.13 Y 

Ribosomal_L16 36.75 13.27 10.13 Y 

NO  33.91 57.45 8.10 Y 
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Table 1. Continues. 

 

RPL10A 

NBO_53 g 0009 

NBO_53 g 0010 

NBO_770 g 0001 

NBO_1221 g 
0001 

HQ291431 

HQ291432 

HQ291433 

HQ291430 

69(NC) 

123(NC) 

89(NC) Ribosomal_L1 NF 

31.9 

31.99 

31.85 4 

8.02 5.22 N 

14.42 9.86 N 

10.21 5.05 N 

217 31.8 25.25 9.28 N 

RPL11 

NBO_2 g 0013 

NBO_1288 g 
0002 

HQ291435 

HQ291434 
174 Ribosomal_L5 NF 

35.43 

35.43 
2 

19.51 9.94 N 

19.51 9.94 N 

RPL12 

NBO_32 g 0010 

NBO_1214 g 
0001 

HQ291429 

HQ291428 
164 RL11 NF 

36.36 

36.16 
2 

17.73 9.56 N 

17.72 9.56 N 

RPL13 
NBO_16 g 0057 

NBO_386 g 0017 

HQ291447 

HQ291448 
162 Ribosomal_L13e NF 

36.4 

36.2 
2 

18.99 10.67 N 

19.00 10.67 N 

RPL13a 

NBO_6 g 0082 

NBO_1020 g 
0003 

HQ291412 

HQ291411 

197 

147(NC) 
Ribosomal_L13 NF 

32.49 

30.18 
2 

22.88 9.74 Y 

17.53 9.79 Y 

RPL15 NBO_4 g 0015 HQ291459 204 Ribosomal_L15e NF 38.37 1 24.07 10.77 N 

RPL17 
NBO_67 g 0006 

NBO_98 g 0001 

HQ291476 

HQ291477 
171 Ribosomal_L22 NF 

31.78 

31.4 
2 

19.62 9.77 N 

19.62 9.77 N 

RPL18 NBO_508 g 0011 HQ291468 194 Ribosomal_L18e NF 34.87 1 21.99 9.84 N 

RPL18a NBO_199 g 0002 HQ291453 180 Ribosomal_L18ae NF 32.78 1 21.08 9.78 N 

RPL19 NBO_66 g 0010 HQ291471 154 Ribosomal_L19e YES 37.63 1 18.02 10.65 Y 

RPL21 
NBO_72 g 0006 

NBO_594 g 0004 

HQ291470 

HQ291469 

198 

160 
Ribosomal_L21e NF 

35.18 

35.61 
2 

23.39 10.07 N 

18.68 10.33 N 

RPL22 

NBO_19 g 0024 

NBO_1303 g 
0001 

NBO_1305 g 
0001 

HQ291420 

HQ291418 

HQ291419 

109 

109 

113 

Ribosomal_L22e NF 

33.03 

32.42 

30.41 

3 

12.72 9.49 N 

12.64 9.35 N 

13.11 9.46 N 

RPL23 

NBO_13 g 0023 

NBO_1436 g 
0002 

NBO_1440 g 
0001 

HQ291436 

HQ291437 

HQ291438 

146 Ribosomal_L14 NF 

42.18 

42.4 

42.4 

3 

16.09 10.06 N 

16.03 10.13 N 

16.03 10.13 N 

RPL23a2 NBO_69 g 0008 HQ291478 151 Ribosomal_L23 NF 29.61 1 17.28 10.24 Y 

RPL24 

NBO_18 g 0010 

NBO_34 g 0042 

NBO_998 g i001 

NBO_1033 g i001 

HQ291449 

HQ291450 

HQ291417 

HQ291416 

92 

92 

66(NC) 

64(NC) 

Ribosomal_L24e NF 

36.56 

36.56 

35 

37.44 

4 

10.28 11.09 N 

10.28 11.09 N 

7.35 11.39 N 

7.91 10.31 N 
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Table 1. Continues. 

 

RPL24P 
NBO_417 g 0005 

NBO_418 g 0002 

HQ291462 

HQ291463 
139 KOW NF 

33.57 

33.1 
2 

16.06 9.68 N 

16.06 9.75 N 

RPL27 
NBO_64 g 0036 

NBO_401 g 0009 

HQ291461 

HQ291460 
125 Ribosomal_L27e NF 

35.45 

34.92 
2 14.48 9.93 N 

RPL27a 

NBO_10 g 0092 

NBO_1278 g 
0002 

HQ291407 

HQ291408 

107 

147 
L15 NF 

35.49 

38.51 
2 

12.40 9.70 N 

16.76 10.38 N 

RPL30 
NBO_15 g 0009 

NBO_55 g 0011 

HQ291441 

HQ291442 
108 Ribosomal_L7Ae NF 

35.17 

35.17 
2 

11.87 9.66 Y 

11.90 9.66 Y 

RPL31 NBO_73 g 0024 HQ291480 111 Ribosomal_L31e NF 30.65 1 12.80 10.25 Y 

RPL32 

NBO_6 g 0084 

NBO_1021 g 
0002 

NBO_1022 g i001 

HQ291414 

HQ291413 

HQ291415 

139 

139 

80(NC) 

Ribosomal_L32e NF 

36.43 

35.95 

37.45 

3 

16.02 10.32 N 

16.02 10.32 N 

8.82 9.78 N 

RPL34 
NBO_15 g 0024 

NBO_54 g 0010 

HQ291443 

HQ291444 

106 

193 
Ribosomal_L34e NF 

31.78 

31.27 
2 

12.44 10.56 Y 

22.59 10.49 Y 

RPL35 

NBO_16 g 0038 

NBO_1116 g 
0001 

HQ291424 

HQ291423 
122 Ribosomal_L29 NF 

33.88 

34.15 
2 

14.60 9.88 Y 

14.60 9.88 Y 

RPL35A 
NBO_2 g 0091 

NBO_10 g 0112 

HQ291410 

HQ291409 

73(NC) 

113 
Ribosomal_L35Ae NF 

35.14 

34.21 
2 

8.12 10.20 Y 

12.57 10.48 Y 

RPL36e NBO_792 g 0001 HQ291481 95 Ribosomal_L36e NF 31.25 1 11.12 10.71 N 

RPL37a 
NBO_462 g 0004 

NBO_6 g i002 

HQ291466 

HQ291467 

86 

92 
Ribosomal_L37ae NF 

37.98 

37.63 
2 

9.45 10.53 N 

10.16 10.53 N 

RPL39e 
NBO_443 g 0003 

NBO_733 g 0001 

HQ291464 

HQ291465 
52 Ribosomal_L39 NF 

37.11 

36.48 
2 6.39 11.60 N 

UBIQUITIN/L40 
ribosomal protein 
FUSION 

NBO_67 g 0005 

NBO_98 g 0003 

HQ291474 

HQ291475 
131 

UBQ; 
Ribosomal_L40e 

NF 
29.8 

29.29 
2 

14.94 9.87 Y 

15.00 9.87 Y 

RPL44 NBO_80 g 0021 HQ291482 103 Ribosomal_L44 NF 35.58 1 11.80 10.45 Y 

RPP0 

NBO_514 g 0008 

NBO_1574 g 
0002 

HQ291446 

HQ291445 

263 
Ribosomal_L10 NF 

29.67 

29.52 
2 

29.90 9.01 N 

139(NC) 15.68 4.83 N 

RPP1 NBO_375 g 0004 HQ291458 106 Ribosomal_60s NF 38.63 1 11.43 4.55 Y 

RPP2 NBO_27 g i004 HQ291454 136 NO NF 36.5 1 14.95 4.21 Y 
 

NC, The ribosomal protein sequence is not complete; NO, domain not found by SMART predicted; NF, intron not found in this sequence; YES, there is one intron in this sequence; Y, found EST proof; N, EST 
proof not found. 
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Figure 1. Distribution of RP genes on four superscaffolds. The superscaffold name is labeled at the left, and the number of the scale 

labeled on the top of each superscaffold. RP genes are signed with the arrow (red represents forward direction, and blue represents 
backward direction). 

 
 

 

respectively.  
 
 
Introns located in three ribosomal protein genes of N. 
bombycis 
 
In N. bombycis genome, three ribosomal protein genes 
have been found harboring predicted short introns, which 
have the same sequence structure to the documented 
result on E. cuniculi, N. ceranae and Octosporea bayeri 
(Corradi et al., 2009). While Katinka et al. (2001) inferred 
eleven ribosomal protein genes with introns in E. cuniculi, 
Cornman et al. (2009) documented that five of the N. 
ceranae orthologues to E. cuniculi also contained an 
intron and the sixth N. ceranae gene containing an intron 
encodes the S4 ribosomal protein, which lacks an intron in 
E. cuniculi. Except for the L19 and S4 ribosomal proteins 

of N. bombycis, another ribosomal protein, S18, contains 
a short intron (24 bp). These introns harbor consensus 
spliceosomal boundaries (5′-GT...AG-3′) with a 5′ region 
identical to the consensus of higher eukaryotes 
(GTAAGT). In addition, the intronic sequences also show 
fairly robust conservation within and among species 
(Figure 3), indicating selection for efficient recognition by 
the spliceosomal machinery. Recently, one intron has 
been detected in A. locustae ribosomal protein genes 
(Peyretaillade et al., 2009). However, no intron has been 
detected in ribosomal protein genes in E. bieneusi 
(Akiyoshi et al., 2009) to date. Fortunately, using the 
NbBmEST database in our lab, EST proofs of these three 
RP genes have been found, but only the EST corres- 
ponding to S18 gene is complete. Figure 4 shows the 
aligned result which the intron sequence has been spliced 
in the EST sequence.  
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Figure 2. Tandem ribosomal protein genes in N. bombycis genome. a, b, c and d stand for the four groups of tandem RP genes in N. 

bombycis, respectively. The superscaffold number is labeled on the left of each superscaffold, and the red (forward) and blue (backward) 
arrows represent the RP genes located on the superscaffold. The tandem RP genes are connected by green lines between its 
corresponding genes.  

 

 
 

Promoter and regulatory sequences prediction of 
ribosomal protein genes 
 
Further analysis of the ribosomal protein genes showed 
that each encoding protein of these genes is located on 
one coding sequence, and core promoter sequences of 
partial (about 29.2%) of them are structurally charac- 
teristic of TATAA (Figure 5). Moreover, like other 
microsporidian such as E. cuniculi, A. locustae, E. 
bieneusi, N. ceranae and A. algerae (Peyretaillade et al., 
2009), the genes coding for ribosomal proteins of N. 
bombycis were also identified with the AAATTT-like signal; 
and the CCC motif (three RPGs - RPL4, RPL10A, RPS21, 
harbour GGG-like motif) was identified between the 
AAATTT sequence and the translational transcription start 
(TSS) codon. In addition, the regions 500 bps upstream of 
all genes were searched for its potential regulation motifs 
with NSITE programs (Figure 6), and it was found that all 
the ribosomal protein genes have at least one SP1 and 
one GATA-1 factor binding site. SP1, a ubiquitous 
transcription factor binding GC-boxes in the regulating 
promoter elements, is required for the constitutive and 

inducible expression of a variety of genes, such as in cell 
cycle or mammalian development. GATA-1, which is 
expressed predominantly in hematopoietic cells, regulates 
differentiation and gene expression in T-lymphocytes, 
erythroids and megakaryocytes. RPL22 have one 
transcription factor, NF-κB, which is involved in the 
regulation of many genes encoding mediators of the 
immune, acute phase and inflammatory responses. 
Genes of RPS6, RPS7 and RPS14 have one Oct-1 motif 
each. Each member of the Oct family is a factor involved 
in the first step of differentiation during embryogenesis 
and its functions were to keep an undifferentiated cell 
stable. The other three regulatory elements, Rap1, GAGA 
and HNF-3 motifs were also found in these ribosomal 
protein genes. 
 
 
Syntenic analysis of ribosomal protein genes among 
five microsporidian 
 
To compare the locations of different microsporidian 
RPGs, syntenic maps of RPGs containing regions among  
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Figure 3. Alignment of the 5’ region of three ribosomal protein genes in N. bombycis that contained predicted introns, together with 

the three orthologues of these genes in N. ceranae, one orthologue in E. cuniculi and one orthologue in O. bayeri. Alignment begins 
with the start codon, which is interrupted by an intron in the ribosomal protein L19. Introns were manually aligned to illustrate regions 
of sequence conservation. Nbo = N. bombycis, Nce = N. ceranae, Ecu = E. cuniculi, Oba = O. bayeri.  

 
 
 
E. cuniculi, A. locustae, N. ceranae, E. bieneusi and N. 
bombycis were plotted with a Perl script based on the 
genome data of N. bombycis, E. cuniculi (http: 
//www.ncbi.nlm.nih.gov), A. locustae (http: //jbpc.mbl.edu/ 
Nosema), N. ceranae (http: //www.ncbi.nlm.nih.gov) and 
E. bieneusi (http: //www.ncbi.nlm.nih.gov). Othologous 
genes were identified using BLASTP program (Altschul et 
al., 1997). A syntenic map of each ribosomal protein gene 
has been drawn based on the five microsporidian genome 
sequences. All syntenic blocks flanking RP genes were 
observed among N. bombycis, E. cuniculi, A. locustae, N. 
ceranae and E. bieneusi, for example, RPL3 located on 
syntenic block among the five microsporidians (Figure 7). 
In total, about 56 ribosomal protein genes have been 
detected belonging to syntenic blocks among more than 
three microsporidian species, which is about 76.7% to the 
RPGs total number 73.  
 
 
Phylogenetic trees of ribosomal protein genes of N. 
bombycis 
 
The phylogenetic trees of all ribosomal protein genes 
were constructed from multiple alignments of RP genes 
(for example RPL3 showed on Figure 8). In all trees, 

microsporidia lies on almost the same location as that of 
tree constructed by ribosomal RNA. According to this 
phylogenetic tree, it also indicated that microsporidia is a 
primitive eukaryote.  
 
 
DISCUSSION 
 

For the first time, we got the information of whole 
ribosomal protein genes of N. bombycis. Also, this is the 
first species that all ribosomal protein genes have been 
analyzed in microsporidia. N. bombycis has 130 
ribosomal protein gene hits corresponding to 73 putative 
ribosomal protein genes, which is one more than 
ribosomal protein gene in E. cuniculi, and is close to the 
ribosomal proteins number of typical eukaryotes. In N. 
bombycis, more RPGs are multiple than that in E. cuniculi. 
This is consistent to the redundant characteristic of N. 
bombycis genome. In addition, the 130 ribosomal protein 
gene sequences of N. bombycis scatter on 92 super- 
scaffolds randomly. Comparing with other microsporidian, 
we found the phenomenon that gene orders of some RP 
genes are conserved among microsporidia (data not 
shown). And the RP genes which include in conserved 
gene orders are multiple in N.  bombycis  genome (such  
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Figure 4. Alignment of S18 gene and its NbBmEST sequence. The start codon and stop codon have been labeled with green color. 

And spliceosomal boundaries (5′-GT...AG-3′) have been labeled with red color. The intron has been indicated on the top of its 
corresponding sequence.  

 

 
 

as RPL8-A and RPS17, RPS16 and RPL13, et al.). 
Inspection of genes in the vicinity of ribosomal protein 
genes suggests maybe extensive duplication of large 

chromosome fragments has happened before in the N. 
bombycis genome.  

Among all the ribosomal protein genes, three of  them 
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Figure 5. TATA-box of the core promoters treated on Weblogo (http://weblogo.berkeley.edu/logo.cgi). The bits 

show the frequency of the base of the sites. 
 
 
 

 
 
Figure 6. Some putative regulation elements of ribosomal protein genes in N. bombycis. The NSITE 

programs were used to identify the regulatory elements in the upstream regions from the genes available 
in N. bombycis database. The upstream (500 bps) regions were drawn by scale. Arc arrows indicate the 
transcription start sites. The position of the nucleotide sequences is calculated based on the distance from 
the predicted transcription initiation site. The open read frame is marked with a green box, and the 
numbers mean the distances to the transcription initiation sites. The binding sites of the SP1 factor and 
the GATA-1 factor are shown with black circles and red crux stars, respectively. The blank crux stars stand 
for Rap1 motifs and the blank pentangular stars refer to Oct-1 motifs. The yellow pentangular star and the 
blank and green triangles mean NF-κB, GAGA and HNF-3 motifs, respectively.  
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Figure 7. Syntenic maps of RPL3 flanking regions on chromosomes/superscaffolds in five microsporidians. Syntenic maps of RPL3 
containing regions were plotted among N. bombycis (superscaffold NBO_11 and NBO_85), A. locustae (contig ALO_483), E. bieneusi 
(contig EBI_15), E. cuniculi (chromosome ECU_3 and ECU_9) and N. ceranae (contig NCE_8). Orthologulous genes were detected 
with BLSATP (Altschul et al., 1997) and linked with transparent yellow lines. The green (RPL3), red and yellow blocks represent syntenic 

genes.  
 

 
 

contained short introns, which have the same sequence 
structure to the documented result on E. cuniculi, N. 
ceranae (Cornman et al., 2009) and O. bayeri (Corradi et 
al., 2009). And the intronic structures showed fairly robust 
conservation within and among species (Figure 3), which 
indicate election for efficient recognition by the 
spliceosomal machinery. Recently, one intron has been 
found in the ribosomal protein gene S6 of A. locustae 
(Peyretaillade et al., 2009). However, no intron has been 
detected in ribosomal protein genes of E. bieneusi to date. 
We have not found any rules of the distribution of intron in 
ribosomal protein genes till now. In S. cerevisiae, however, 
more than 70% of the RPGs contain introns in contrast to 
only 5% intron-containing genes in its total genes. And 
recently, the law of combinational regulation between 
upstream regions and introns has been characterized and 
the synergy between them may result in the high 
transcriptional frequency of yeast RPGs (Hu et al., 2010). 
As a type of species related to fungi, Microsporidia have 
the same intron structure (5’-end of RPGs) to S. 
cerevisiae. In order to satisfy the quantity requirement of 
protein synthesis in period of microsporidian spore 
proliferation, the synergy between upstream regions and 
introns may play important role. These structures of 
genes in N. bombycis and S. cerevisiae are not same to 
that of Rattus norvegicus, which has more introns in each 
ribosomal protein gene. As one type of parasite, maybe 
this event is either a new obtained or a degraded thing in 

the ribosomal protein genes evolution.  
In order to get more information of the upstream 

sequences of ribosomal protein genes, we cut the 500 
bps sequences for analysis. A structural characteristic of 
TATA-like motif has been found in the ribosomal protein 
genes. In N. ceranae, TATA-like promoters are important 
components of its gene regulation (Cornman et al., 2009), 
which is same to that of yeast genes (Basehoar et al., 
2004). But there are still some ribosomal protein genes of 
N. bombycis of which the classic promoter structure 
cannot be found, maybe because the length 500 bps was 
not sufficiently long, or those ribosomal protein genes do 
not have this structure at all. In addition, the majority of 
ribosomal protein genes presented the CCC-like motif 
immediately upstream from the transcription start site, 
except for three ribosomal protein genes (RPL4, RPL10A, 
RPS21), which contained GGG-like motif. At the same 
time, an AAATTT-like signal was identified upstream from 
the CCC-like motif. These characteristics are same to 
other microsporidian species, such as E. cuniculi, A. 
locustae, E. bieneusi, N. ceranae and A. algerae for 
ribosomal protein genes (Peyretaillade et al., 2009). 
Maybe these characteristics are widespread among 
microsporidia. Like S. cerevisiae, we have not found the 
characteristic “terminal oligopyrimidine tract” in the 5’ end 
of RPGs in N. bombycis. Certainly, lots of regulatory 
motifs have been detected in the upstream sequences, 
which can facilitate the transcription of ribosomal  protein  
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Figure 8. Phylogenetic tree of ribosomal protein L3 gene. The neighbor-joining trees were generated with the 
MEGA4.0 software and sequences aligned without gaps. The bootstrap values given at the nodes were from 
1,000 replicates. 

 
 
 

genes.  
From the syntenic maps of RP-containing regions 

among the five microsporidian, E. cuniculi, A. locustae, N. 

ceranae, E. bieneusi and N. bombycis, we can see more 
ribosomal protein genes belonging to syntenic blocks.  

That is; to the house-keeping genes,  they  follow  a  



 
 
 
 
conserved gene order evolution mechanism. Recently, a 
novel approach has been applied, which is based on the 
conservation of gene order (Lee et al., 2008). It has been  
known for some time that while microsporidian gene 
sequences are evolving very quickly, the order of genes 
within the genome is highly conserved (Corradi et al., 
2007; Slamovits et al., 2004). This observation was 
recently extended by the demonstration that micro- 
sporidian genomes share higher frequency of gene order 
conservation with zygomycetes than they do with any 
other group of fungi for which genome data are available 
(Dyer, 2008; Lee et al., 2008). From the syntenic blocks, 
similar genomic structures are shown among these five 
microsporidian, in spite of some inner transversion 
occurring in its syntenic regions. In addition, among these 
five microsporidian, if there is one or more ancestral 
organization of RPGs, the genome structures of other 
microsporidian which have gene transversion must have 
been greatly rearranged. This may be caused by 
homologous recombination, segmental duplication, whole 
genome duplication or transposition. Causally, the TEs 
harbored in N. bombycis, which had been documented 
(Xu et al., 2006) before and discovered in other micro- 
sporidian lately (Williams et al., 2008; Gill et al., 2008), to 
some extent may change these variations. Perhaps, the 
analysis of syntenic blocks of ribosomal protein gene 
flanking regions can give more information of micro- 
sporidian genome evolution.  

The trees of ribosomal protein genes showed almost 
the same result to that of ribosomal RNA. According to 
this result of phylogenetic tree (Figure 8), it also indicated 
that microsporidia may be a primitive eukaryote. This 
however, is the long-branch artifacts due to increased 
evolutionary rates of their ribosomal RNAs (Palmer and 
Delwiche, 1996; Embley and Hirt, 1998; Keeling and 
McFadden, 1998). As we all know, the ribosome of plant is 
smaller than that of mammals (Cammarano et al., 1972; 
Verschoor et al., 1996). Despite an overall similarity in 
ribosomal architecture, the length of highly variable loop 
regions of the 23S-like rRNA is difference. The size 
ranges from approximately 3,300 bp (25 to 26S) in plants 
to approximately 4,700 bp (28S) in mammals (Schnare et 
al., 1996). According to this information, we compared the 
rRNA length and structure of N. bombycis to those of 
other eukaryotes and bacterium, and found that the rRNA 
length of N. bombycis and some nuclear acids are 
different. However, this is mainly because the rRNA 
sequence is a highly degenerated sequence (Van de Peer 
et al., 2000). To ribosomal proteins, the same condition 
may occur. This still need to be clarified in the future.  

The number of ribosomal protein genes of N. bombycis 
is slightly smaller than that of typical eukaryote, but the 
phylogenetic location of these genes show that it belongs 
to primitive eukaryote. Combination with the length of 
rDNA sequence of microsporidia, maybe the 70S 
ribosome of Microsporidia, resulted from the shorter 
sequence length of rDNA and the  smaller  number  of  
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ribosomal protein genes. We may give a further 
hypothesis that the sedimentation coefficient (70S or 80S) 
of ribosome not only depend on phylogenetic position of 
species, but also depend on its environment. In short, the 
identification of the total ribosomal protein genes and the 
determination of their sequence organization and distri- 
bution constitute a first step to determine their biological 
role, modeling of ribosome structure and function, and 
genome evolution. Nucleotide sequences reported in this 
study have been submitted to the GenBank

TM
, EMBL and 

DDBJ databases under the accession numbers: 
HQ291357-HQ291484. 
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