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Abstract
The alignment of ribosomal genes is difficult due to insertion and deletion events of nucleotides, making the 
alignment ambiguous. This can be overcome by using information from the secondary structure of ribosomal 
genes. The aim of this study was to evaluate the utility of the secondary structure in improving the alignment of 
the 16S rRNA gene in land snails of the family Orthalicidae. We assessed 10 Orthalicid species (five genera). 
Total DNA was isolated and the partial 16S rRNA gene was amplified and sequenced using internal primers. 
The sequences were aligned with ClustalX and manually corrected, in DCSE format, using the 16S rRNA 
secondary structure of Albinaria caerulea (Pulmonata: Clausiliidae). The sequences obtained ranged from 323 
to 345 bp corresponding to parts of both domains IV and V of the 16S rRNA gene. The secondary structure 
was recovered by homology using RnaViz 2.0. Most stems are conserved, and in general the loops are more 
variable. The compensatory mutations in stems are related to maintenance of the structure. The absence of a 
bulge-stem-loop in domain V places the family Orthalicidae within the Heterobranchia.

Keywords: 16S rRNA, Mollusca, Bulimulinae, DCSE, Compensatory Mutations.

Resumen 
El alineamiento de genes ribosomales es dificultoso debido a eventos de inserción y deleción de nucleótidos, 
convirtiendo el alineamiento en ambiguo; esto puede ser superado utilizando la información de la estructura 
secundaria. El objetivo del presente trabajo es evaluar la utilidad de la estructura secundaria en mejorar el 
alineamiento del gen 16S rRNA de caracoles terrestres de la familia Orthalicidae. Se evaluaron 10 especies 
de Orthalicidos (5 géneros). El ADN total fue aislado y parte del gen 16S rRNA fue amplificado y secuenciado 
usando primers internos. Las secuencias fueron alineadas con ClustalX y corregidas a mano, en formato DCSE, 
usando la estructura secundaria del 16S rRNA de Albinaria caerulea (Pulmonata: Clausiliidae). Las secuen-
cias obtenidas variaron de 323 a 345 pb correspondiendo a partes del dominio IV y V del gen 16S rRNA. Se 
pudo recuperar por homología la estructura secundaria para los Orthalicidos usando RnaViz 2.0. La mayoría 
de las hélices son conservadas, siendo en general los bucles más variables. El fenómeno de mutaciones 
compensatorias en las hélices, estaría relacionado con la conservación de la estructura. La ausencia de un 
“bulge-stem-loop” en el dominio V ubica a la familia Orthalicidae dentro de Heterobranchia. 

Palabras claves: 16S rRNA, Mollusca, Bulimulinae, DCSE, Mutaciones Compensatorias.

Introduction 
Phylogenetic molecular studies aim to recover the historical 

signal stored along the evolution in the sequences of nucleotides 
or amino acids. The alignments of these sequences are hypotheses 
that allow us to infer phylogenetic relationships among a set of 
species. Correct alignment is essential for the reconstruction and 
recovery of phylogenetic signals leading to a correct evolutionary 
hypothesis. The alignment of many genes with abundant phy-
logenetic information, such as 16S rRNA, becomes difficult by 
the presence of insertion and deletion events which increase in 
number with the inclusion of more divergent species, making 
the alignment ambiguous (Lydeard et al. 2000). These difficulties 
can be overcome by using additional information, such as the 
secondary structure of rRNA. Ribosomal RNA sequences form 
complex secondary structures based on complementarity of the 
bases along the molecule (Lydeard et al. 2002). Most models of 
known secondary structure of rRNA have been determined by 
comparative sequence analysis (Woese et al. 1980; Noller et al. 
1981; Gutell et al. 1994). 

The molecule of the large subunit rRNA (LSU rRNA or 16S 
RNA) can be divided in the 5' and 3' sections, each with three 
main structural domains (labeled I-VI) (Gutell et al. 2002) and 
in turn the stems are listed with letters and numbers (Wuyts et 
al. 2001). Several studies have shown the phylogenetic value of 
the rRNA secondary structure (Titus & Frost 1996; Lydeard et 
al. 2000; 2002), one of the most significant being the absence 

or reduction of three regions of the 16S rRNA for all Hetero-
branchia (Lydeard et al. 2000; 2002). These regions include a 
stem of domain II, the entire domain III (reduced to a single 
stem in some mollusks) and part of a stem in Domain V (G16) 
(Lydeard et al. 2002). 

Heterobranchia is one of the main clades of gastropods, 
containing the largest number of species, which includes Pulmo-
nata, Opisthobranchia and the Lower Heterobranchia (Bouchet 
& Rocroi, 2005). The Family Orthalicidae (Heterobranchia: 
Pulmonata: Stylommatophora) is the most diverse group of 
endemic land snails from Peru and South America. Other genera 
of the superfamily Orthalicoidea are also found in Oceania and 
Africa (Herbert & Mitchell 2009). Based on the 16S rRNA mi-
tochondrial marker, Ramirez et al. (2009) found this family to 
be a monophyletic group,of the “non-achatinoid clade” within 
a global phylogeny of Stylommatophora, demonstrating the 
efficiency of this marker to resolve evolutionary relationships.

The aim of this study was to evaluate the utility of the in-
formation provided by the secondary structure to improve the 
alignments of the 16S rRNA gene in several species of land snails 
of the family Orthalicidae.

Materials and methods
We used 10 species of the family Orthalicidae (belonging to 

five different genera) from different ecosystems of Peru (Table 
1 and Fig. 1). Voucher specimens are deposited in the scientific 
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Species Localities Department Coordinates Collectors Accession number

Bostryx aguilari Weyrauch 1967 Atocongo Lima 12º12´23.8"S, 
76º53´43"W

C. Congrains, J. Ramirez, A. 
Chumbe. HM057172

Bostryx conspersus (Sowerby, 1833) Atocongo Lima 12º12´23.8"S, 
76º53´43"W

C. Congrains, J. Ramirez, A. 
Chumbe. HM057173

Bostryx modestus (Broderip, 1832) Atocongo Lima 12º12´23.8"S, 
76º53´43"W

C. Congrains, J. Ramirez, A. 
Chumbe. HM057174

Bostryx turritus (Broderip, 1832) Santa Eulalia Lima 11º52'58"S, 
76º 39'12"W

D. Fernández, C. Congrains, J. 
Ramirez, P. Matos, A. Chumbe HM057175

Bostryx scalariformis (Broderip, 1832) Pasamayo Lima 11º38´36.2"S, 
77º12´11.9"W P. Romero. HM057181

Bostryx sordidus (Lesson, 1826) Iguanil Lima 11º23’55”S, 
77º14’01.5”W

N. Medina, P. Romero, J. 
Ramirez, A. Chumbe.  HM057176

Scutalus versicolor (Broderip, 1832) Manzano Lima 12º11’43.2”S, 
76º50’03.2”W

D. Fernández, J. Ramirez, A. 
Chumbe. HM057177

Drymaeus sp. Juan Guerra San Martín 06º35’18.8”S, 
76º18’59”W V. Borda, C. Calderón. HM057178

Neopetraeus sp. Piurog Ancash 09º11'50.6"S, 
76º57'25.1"W R. Ramírez, A. Cano. HM057179

Naesiotus sp. Juan Guerra San Martín 06º34'54,4"S, 
76º18'50,6"W V. Borda, C. Calderón. HM057180

Table 1. Pulmonate land snail species, collection data and Genbank accession number for the sequences of the 16S rRNA used.

5 mm

Figure 1. Species of Peruvian Orthalicidae. A: Bostryx aguilari. B: B. conspersus. C: B. modestus. D: B. sordidus. E: B. scalariformis.  F: B. tur-
ritus G: Scutalus versicolor. H: Drymaeus sp. I: Neopetraeus sp. J: Naesiotus sp. Photos: A, H and I: J. Ramirez. B-G: A. Chumbe. J: V. Borda.
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Figure 2. A consensus secondary structure of the partial LSU rRNA 
based on ten Orthalicid species. Nucleotides in uppercase letters 
correspond to conserved sites, lowercase letters are conserved in 9 
or 8 sequences, solid circles are conserved in 7 sequences, and open 
circles are conserved in less than 7 sequences. Positions with indels 
are shown with arcs; the arc labels indicate the number of nucleotides 
within the variable region. The stems are numbered after Wuyts et al. 
(2001). Gray numbers indicate position of stems not formed here due 
to the small size of the analyzed fragment.
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Figure 3. Two-dimensional structure of the 16S rRNA gene of Bostryx 
aguilari obtained by homology with the structure of Albinaria caerulea 
(Lydeard et al., 2000). The shaded parts correspond to the conserved 
segments in shape and size.

collections of the Natural History Museum of San Marcos Uni-
versity. DNA was isolated by a modified CTAB method (Doyle 
& Doyle 1987; Ramírez 2004). Amplification was carried out 
using polymerase chain reaction (PCR) (Saiki et al. 1988). Prim-
ers developed by Ramírez (2004) were used for amplification of 
a segment of the 16S rRNA gene: 16SF-104 (5'-GACTGTGC-
TAAGGTAGCATAAT-3') and 16SR-472 (5'-TCGTAGTC-
CAACATCGAGGTCA-3'). The PCR products were purified 
and sequenced for both strands using the commercial services 
of MACROGEN USA (www.macrogen.com).

The sequences obtained were edited and proofread using 
chromatograms with Chromas (McCarthy, 1996). Consensus 
sequences were obtained with CAP3WIN (Huang & Madan, 
1999). Sequences were deposited in GenBank (Accession num-
bers HM057172-HM057181). Global alignment was carried 
out with ClustalX 2.0 (Larkin et al. 2007). The alignment was 
corrected using as template the secondary structure of the 16S 
rRNA of Albinaria caerulea (Pulmonata: Clausiliidae) (Lydeard 
et al. 2000). We employed the DCSE format, which incorpo-
rates special symbols indicating the secondary structure in an 
RNA sequence alignment (De Rijk & De Wachter, 1993) in a 
text editor. We checked the formation of each of the stems by 
homology between the template and the other sequences in the 
alignment. The structure was plotted using the program RnaViz 
2.0 (http://rnaviz.sourceforge.net) (De Rijk et al. 2003).

Results 
The sequences obtained ranged from 323 to 345 base pairs 

and the alignment had 373 positions. It corresponds to part of 
domains IV and V of the 3' end of the 16S rRNA gene (position 
557 - 873 in the Albinaria caerulea sequence), including stems 
E27, E28, F1, G2, G3, G6, G7, G9 and G16. Stems E26, E24, 
E21, E18, G1 and G17 did not form due to the small size of 
the fragment analyzed (Fig. 2).

The secondary structure was recovered by homology for the 
10 species studied (Fig. 2). The structure of the partial 16S rRNA 
sequence of B. aguilari is shown in Figure 3. Most of the stems 
are preserved and in general the loops are more variable (Figs. 
2 and 3). The more conserved stems were E27 and E28. Stems 
F1, G2, G6, G7, G9 and G16 were variable but kept their size 
and shape; these stems present the phenomenon of compensa-
tory mutations, and form the main phylogenetic information of 
this gene (Fig. 4). Stem G3 and its loop were extremely variable, 
with numerous unconventional bonds and variation in loop 
size from 2 to 10 bases. The loops formed by stems E28 and 
F1 showed minimal variation (one base) in the sequence. Loop 
G6 was preserved while loop G7 showed variation of 9 to 19 
bases. Stem G16 (which is small in Heterobranchia) showed a 
23-24 bases size with great variability in the area of the loop.

Discussion 
The importance of alignment in phylogenetic reconstruction 

has been highlighted by various authors (Gatesy et al. 1993; Kjer 
1995; Hickson et al. 1996). The use of information provided by 
the secondary structure of rRNA, combined with bioinformatic 
packages, results in better recovery of the phylogenetic signal 
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Bsca_K11583   TGCTGGGGCGGCAAAGCTTCA--------AATTTTAACAAGCTT
Bsor_Ig14a    TGCTGGGGCGGCAAAGCTTCA---------AAATTAACAAGCTT
Bmod_Atoc74f  TGTTGGGGCGGCAAAACTTCA---------AATATAACAAGTTT
Dry_SM59e     TGTTGGGGCGACAAAGCATCA-----------TATAACATACTT
Naes_Jgue18g  TGCTGGGGCAGCAAAGTATCA--------AAGATTAATATATTT
Neo_RA62e     TGTTGGGGCGACAAAGTATCA-------ATTTGTTAACATACTT
Sver_Mon41    TGTTGGGGCGACACGGTATCA-------ATTGATTAACATACCC
Btur_Seu1f    TGTTGGGGCGACATAGTATCA----CTGAAGGTGGAACATACTA
Bcons_Ato23f  TGTTGGGGCGACATTGTATCAAATACTATAACATTAACATACAT
Bag_atoc25f   TGTTGGGGCGACACCGATTCA---GCTATAAC-TTAACAATCGG
              -G6-------G6'--G7-----------------------G7'-

Figure 4. A. Two-dimensional structure for the stems G6 and G7 of the 
16S rRNA for ten Orthalicid species. B. Alignment of the sequences 
of the partial 16S rRNA gene, only the region of stems G6 and G7 is 
shown; shaded bases indicate compensatory mutations.

compared with the alignments obtained only by bioinformatic 
programs (Titus & Frost, 1996). We reached the same conclu-
sions in our analysis for Orthalicidae land snails. 

During the evolution of rRNA, due to its function, its struc-
ture is more conservative than the sequence itself (Gutell et al. 
1994). Compensatory mutations in stems are related to the 
maintenance of the structure. In contrast, the unpaired regions 
depend specifically on its sequence, making them more difficult 
to accept mutations (Smit et al. 2007). It is true that highly 
conserved regions tend to be unpaired, but unpaired regions are 
not always conserved; in eukaryotic rRNA, loops evolve faster 
than stems (Smit et al. 2007). This same pattern was observed for 
the 16S rRNA gene in our analysis for Orthalicidae land snails.

Despite using the secondary structure as a guide for align-
ment, stem G3 was extremely variable, complicating the align-
ment. Studying different taxa of molluscs, Lydeard et al. (2000) 
showed a variation from 8 to 96 bases in this stem. This would 
demonstrate heterogeneity between rates of evolution of dif-
ferent structures (stems, loops, bulges, etc.) (Smit et al. 2007).

Absence of a bulge-stem-loop in stem G16 (domain V) is a 
synapomorphy for all Heterobranchia, with a reduced stem size 
of 20 to 30 bases, while stem size for the rest of mollusks is 41 
to 43 bases. This indel has been reported previously in phylo-
genetic studies (Thollesson 1999, Lydeard et al. 2000). Absence 
of this bulge-stem-loop in the G16 stem placed Orthalicidae 
within Heterobranchia, consistent with the current classification 
(Bouchet & Rocroi 2005). Loss and reduction of these structures 

explains why Heterobranchia have the shortest mitochondrial 
genome among the metazoans (Kurabayashi & Ueshima 2000).
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