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Abstract
Helicoidea is a diverse group of land snails with a global distribution. While much is known regarding the 
relationships of helicoid taxa, comparatively little is known about the evolution of the mitochondrial ge-
nome in the superfamily. We sequenced two complete mitochondrial genomes from Praticolella mexicana 
Perez, 2011 representing the first such data from the helicoid family Polygyridae, and used them in an 
evolutionary analysis of mitogenomic gene order. We found the mitochondrial genome of P. mexicana to be 
14,008 bp in size, possessing the typical 37 metazoan genes. Multiple alternate stop codons are used, as are 
incomplete stop codons. Mitogenome size and nucleotide content is consistent with other helicoid species. 
Our analysis of gene order suggested that Helicoidea has undergone four mitochondrial rearrangements 
in the past. Two rearrangements were limited to tRNA genes only, and two involved protein coding genes.
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Introduction

Helicoidea (Mollusca, Gastropoda) is a globally distributed and diverse superfamily 
of terrestrial mollusks (reviewed in Razkin et al. 2015). It is part of the larger Stylom-
matophora, a clade that accounts for around 80% of all terrestrial mollusks (Klussmann-
Kolb et al. 2008) and encompasses over 100 families. Helicoid snails possess a typical 
pulmonate body plan with two pairs of tentacles, a usually dextrally coiled shell, and a 
vascularized pallial cavity that functions as a lung (Beesley et al. 1998). Taxonomic and 
systematic classifications of Helicoidea have differed based on morphological, ecological, 
and molecular characters including select mitochondrial markers (Steinke et al. 2004, 
Manganelli et al. 2005, Groenenberg et al. 2011). Phylogenies based on entire mitochon-
drial genomes (Wang et al. 2014a, Deng et al. 2016) are limited in size and scope due 
to the paucity of helicoid data relative to other mollusk groups (e.g. Caenogastropoda).

The mitogenome serves as a powerful evolutionary tool given its small size and fast 
mutation rate relative to the nuclear genome (Avise et al. 1987, Saccone et al. 1999, Funk 
and Omland 2003). Mitogenome organization has several qualities that make it a valuable 
phylogenetic marker. For example, mitochondrial gene order and content can be highly 
variable in metazoans (Black and Roehrdanz 1998, Mindell et al. 1998, Weigert et al. 
2016). Transposition of tRNA genes is more common than movement of protein coding 
or ribosomal RNA genes (Xu et al. 2006) and may be weighted accordingly during analy-
sis (Bader et al. 2008). Variability in gene length, arrangement, and strand assignment can 
be examined as sets of phylogenetically informative characters (Gissi et al. 2008). Many 
mitochondrial gene order rearrangements also represent rare events that serve as homo-
plasy-free evidence of common ancestry (Boore and Brown 1998, Rokas and Holland 
2000, Gribaldo and Philippe 2002) provided they carry sufficient phylogenetic informa-
tion (Yang 1998). In mollusks, these classes of genetic variation can occur within the same 
family or genus (Milbury and Gaffney 2005, Rawlings et al. 2010). Helicoideans possess 
typical metazoan mitogenomes, with 37 genes organized among ribosomal (16S and 12S) 
and transfer RNA (22, including two each for leucine and serine) genes and 13 protein 
coding genes (Boore 1999). The degree of genetic rearrangements and variability within 
and among helicoid mitogenomes, however, is poorly understood.

Within Helicoidea, only three of the constituent 19 families (Bouchet et al. 2005) 
are represented by complete mitogenomes on GenBank: Bradybaenidae, Camaenidae, 
and Helicidae. Currently unrepresented is Polygyridae, a helicoid family endemic to 
the Americas. Many of the most visible and commonly encountered land snails in 
North America are polygyrids. Nearly 300 species are described in the family, includ-
ing five that are considered problematic invasives (Perez et al. 2014). We focused our 
efforts on Praticolella mexicana Perez, 2011, a small, globe-shaped snail (Figure 1) most 
likely native to Mexico and introduced to the Caribbean and the United States gulf 
coast (Perez 2011). The United States Department of Agriculture reports finding this 
species in shipments of fruit, furniture, and ornamental plants (USDA pers. comm.). 
Our study had two primary research aims: to sequence and annotate the mitochondrial 
genome of P. mexicana to examine gene order and arrangement in Polygyridae; and to 
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Figure 1. Mitochondrial genome of Praticolella mexicana UTRGV and McAllen illustrated with an im-
age of the species holotype (ANSP 426031). Gene order and sizes are shown relative to one another, not 
including non-coding regions. Genes are color coded by H (black) or L (red) strand. IUPAC single letter 
codes are used to identify tRNA genes.

explore gene order evolution in Helicoidea. Results from both aspects of the study will 
increase our knowledge of these gastropod groups and provide a better understanding 
of land snail mitochondrial genome evolution.

Materials and methods

Specimen collection and DNA extraction

We collected one adult P. mexicana each from the UTRGV campus in Edinburg, 
Texas (26.30726; -98.1714), and from a residential neighborhood in McAllen, Texas 
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(26.2085; -98.2254). We immersed foot tissue from each snail in reconstituted BupH™ 
phosphate buffered saline (Thermo Scientific) and homogenized it with a Dounce ho-
mogenizer. We used EDTA-free Protease Inhibitor Cocktail (Thermo Scientific) and 
the Mitochondrial Isolation Kit for Tissue (Thermo Scientific) to isolate intact mito-
chondria from the homogenates. Mitochondrial DNA was extracted using the Mito-
chondrial DNA Isolation Kit (BioVision) followed by application of Plasmid-Safe™  
ATP-dependent DNase (Epicenter) to remove any remaining nuclear DNA.

Genome sequencing and assembly

We purified enriched mitochondrial DNA using the Zymoclean Genomic DNA Clean 
and Concentrator kit (Zymo Research) and quantified it using a BioAnalyzer (Agilent 
Technologies). Approximately 50 ng of total DNA was used for barcoded library con-
struction using the Nextera DNA library prep kit (Illumina), precisely following the 
manufacturer’s instructions. We pooled the P. mexicana samples on one flowcell and 
sequenced them on the MiSeq (Illumina) platform using the 2x250 bp run mode. 
Barcodes and deconvolution of the pooled reads was performed automatically in the 
BaseSpace (Illumina) server and used their native format. The CLCBio 8.0.2 de novo 
genome assembly tool was used to assemble the reads using default parameter settings. 
Genomic contigs representing mitochondrial DNA segments were subsequently iden-
tified using the CLCBio assembly Fasta files to query a BLAST database comprising 
the Achatina fulica mitochondrial genome (GenBank: KJ744205).

Genome annotation

We loaded the assembly for each individual into Geneious 8 (http://www.geneious.
com, Kearse et al. 2012) and used the built-in ORF finder function to identify puta-
tive coding regions. We compared the output to that generated in MITOS (Bernt et al. 
2013) to determine the location and orientation of 13 protein-coding genes. ARWEN 
(Laslett and Canbäck 2008) and tRNAscan-SE 1.21 (Lowe and Eddy 1997) were used 
to identify the 22 tRNAs, and MITOS and BLAST (Altschul et al. 1990) were used 
to locate the two ribosomal genes. Nucleotide and codon composition analyses were 
conducted in DAMBE (Xia and Xie 2001).

Phylogenetic analysis of mitochondrial genes

To determine the position of Polygyridae within Helicoidea, we extracted the amino 
acid sequences for all 13 protein-coding genes from the two new genomes. These were 
combined with mitochondrial genome sequences from eight other helicoid taxa, and 
eight stylommatophoran and one non-stylommatophoran outgroup (Table 1). Genome 

http://www.ncbi.nlm.nih.gov/nuccore/KJ744205
http://www.geneious.com
http://www.geneious.com
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Table 1. Taxonomic list of mitochondrial genomes used in the study.

Taxonomy GenBank Reference
Clade Systellommatophora

Superfamily Onchidioidea
Family Onchidiidae

Onchidella celtica AY345048 Grande et al. 2004
Clade Stylommatophora

Superfamily Achatinoidea
Family Achatinidae

Achatina fulica KJ744205 He et al. 2016
Superfamily Clausilioidea

Family Clausiliidae
Albinaria caerulea X83390 Hatzoglou et al. 1995

Superfamily Helicoidea
Family Bradybaenidae

Aegista aubryana KT192071 Yang et al. 2016
Aegista diversifamilia KR002567 Huang et al. 2016
Dolicheulota formosensis KR338956 Huang et al. 2016
Mastigeulota kiangsinensis KM083123 Deng et al. 2016

Family Camaenidae
Camaena cicatricosa KM365408 Wang et al. 2014a

Family Helicidae
Cepaea nemoralis U23045 Terrett et al. 1996
Cylindrus obtusus JN107636 Groenenberg et al. 2012
Cornu aspersum JQ417194 Gaitán-Espitia et al. 2013

Family Polygyridae
Praticolella mexicana McAllen KX259343 this study
Praticolella mexicana UTRGV KX278421 this study

Superfamily Orthalicoidea
Family Cerionidae

Cerion incanum KM365085 unpublished
Family Orthalicidae

Naesiotus nux KT821554 Hunter et al. 2016
Superfamily Pupilloidea

Family Pupillidae
Gastrocopta cristata KC185403 Marquardt 2013
Pupilla muscorum KC185404 Marquardt 2013

Family Vertiginidae
Vertigo pusilla KC185405 Marquardt 2013

Superfamily Succineoidea
Family Succineidae

Succinea putris JN627206 White et al. 2011

fragments of Euhadra herklotsi (Z71693-701) were excluded because the gene order 
data (see below) could not be coded. Data for each gene were aligned separately in 
MUSCLE (Edgar 2004). We used IQTREE 1.4.2 (Nguyen et al. 2014) to determine 

http://www.ncbi.nlm.nih.gov/nuccore/AY345048
http://www.ncbi.nlm.nih.gov/nuccore/KJ744205
http://www.ncbi.nlm.nih.gov/nuccore/X83390
http://www.ncbi.nlm.nih.gov/nuccore/KT192071
http://www.ncbi.nlm.nih.gov/nuccore/KR002567
http://www.ncbi.nlm.nih.gov/nuccore/KR338956
http://www.ncbi.nlm.nih.gov/nuccore/KM083123
http://www.ncbi.nlm.nih.gov/nuccore/KM365408
http://www.ncbi.nlm.nih.gov/nuccore/U23045
http://www.ncbi.nlm.nih.gov/nuccore/JN107636
http://www.ncbi.nlm.nih.gov/nuccore/JQ417194
http://www.ncbi.nlm.nih.gov/nuccore/KX259343
http://www.ncbi.nlm.nih.gov/nuccore/KX278421
http://www.ncbi.nlm.nih.gov/nuccore/KM365085
http://www.ncbi.nlm.nih.gov/nuccore/KT821554
http://www.ncbi.nlm.nih.gov/nuccore/KC185403
http://www.ncbi.nlm.nih.gov/nuccore/KC185404
http://www.ncbi.nlm.nih.gov/nuccore/KC185405
http://www.ncbi.nlm.nih.gov/nuccore/JN627206
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that all alignments fit the mtZOA+F+I+G4 model (Rota-Stabelli et al. 2009) optimally. 
We assembled all alignments into a single data matrix and analyzed it in IQTREE un-
der maximum likelihood, allowing each gene to be optimized separately. We assessed 
branch support using 10,000 ultra-fast bootstrap replicates (Minh et al. 2013).

Gene order analysis and phylogeny

For all included mitogenomes, we determined the gene order and strand assignment. 
Using Cornu aspersum (JQ417194) as reference (Gaitán-Espitia et al. 2013), we num-
bered the genes consecutively in a 5’ to 3’ direction on the H strand starting with cox1 
as gene number one. With each of the genes now numbered, we proceeded to generate 
gene order for the other mitogenomes, using positive numbers for H strand and nega-
tive numbers for L strand. The resulting data matrix was analyzed under maximum 
likelihood using MLGO (Hu et al. 2014). MLGO uses a binary encoding method 
with probabilistic models (Lin et al. 2013) to infer gene duplications, genome re-
arrangements, and branch support through bootstrapping. We compared our amino 
acid phylogeny to the gene order tree using the Kishino-Hasegawa test (Kishino and 
Hasegawa 1989) as implemented in IQTREE. We also used our protein sequence phy-
logeny with MLGO to reconstruct ancestral genomes to study the evolution of gene 
order in Helicoidea.

Results

Approximately 12 million sequences reads derived from the UTRGV P. mexicana sam-
ple assembled into over 450,000 contigs, the largest of which was 14,275 bp in length. 
A BLAST search against the A. fulica mitogenome revealed that the largest contig was 
comprised entirely of mitochondrial sequence. The McAllen P. mexicana sample com-
prised 26 million reads that assembled into more than 300,000 contigs. The largest contig 
spanned 14,259 bp and was also composed entirely of mitochondrial sequence. After final 
sequence editing, both P. mexicana mitogenomes were found to be 14,008 bp in length.

The complete P. mexicana mitochondrial genomes (KX278421 UTRGV, KX259343 
McAllen; Figure 1) possess the same genes in the same orders and orientations (Table 2). 
The smallest tRNA is 54 bp (tRNA-Ser1), while the largest is 68 bp (tRNA-Ser2). Non-
coding regions make up 1.4% (194 bp) of the P. mexicana mitogenome. The genome 
has three large non-coding regions. The first region is 25 bp and sits between cox3 and 
tRNA-Ile. The second region is 56 bp long and exists between the two serine tRNAs. The 
third region is a GC-rich 89 bp segment between the tRNA-Trp and tRNA-Gln genes. 
Searches using BLAST (Altschul et al. 1990) found no significant matches in any data-
base for these three non-coding regions.

Genome size for P. mexicana is comparable with the other helicoid and stylom-
matophoran taxa available (Table 3). The majority of the genes (nine protein-coding, 

http://www.ncbi.nlm.nih.gov/nuccore/JQ417194
http://www.ncbi.nlm.nih.gov/nuccore/KX278421
http://www.ncbi.nlm.nih.gov/nuccore/KX259343
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Table 2. Mitochondrial genome annotation for P. mexicana UTRGV.

Gene Start Stop Length Strand Start codon Stop codon Anticodon
cox1 1 1525 1525 H TTG T  

tRNA-Val 1526 1587 62 H     TAC
16S 1589 2579 991 H      

tRNA-Leu1 2580 2642 63 H     TAG
tRNA-Pro 2640 2706 67 H     TGG
tRNA-Ala 2706 2768 63 H     TGC

ND6 2769 3239 471 H GTG TAA  
ND5 3223 4893 1671 H TTG TAG  
ND1 4887 5768 882 H ATC TAG  

ND4L 5768 6052 285 H GTG TAA  
cytB 6054 7148 1095 H ATT TAG  

tRNA-Asp 7149 7212 64 H     GTC
tRNA-Cys 7209 7265 57 H     GCA
tRNA-Phe 7270 7331 62 H     GAA

cox2 7332 8003 672 H ATG TAG  
tRNA-Gly 8007 8068 61 H     TCC
tRNA-His 8063 8123 61 H     GTG
tRNA-Tyr 8131 8192 62 H     GTA
tRNA-Trp 8186 8248 63 H     TCA
tRNA-Gln 8338 8396 59 L     TTG
tRNA-Leu2 8397 8454 58 L     TAA

atp8 8458 8608 151 L ATG T  
tRNA-Asn 8612 8670 59 L     GTT

atp6 8671 9322 652 L ATG T  
tRNA-Arg 9323 9382 60 L     TCG
tRNA-Glu 9383 9442 60 L     TTC

12S 9443 10186 744 L      
tRNA-Met 10187 10248 62 L     CAT

ND3 10250 10597 348 L TTG TAA  
tRNA-Ser2 10598 10665 68 L     TGA
tRNA-Ser1 10723 10776 54 H     GCT

ND4 10777 12100 1324 H ATG T  
tRNA-Thr 12010 12162 62 L     TGT

cox3 12163 12958 796 L ATT T  
tRNA-Ile 12985 13044 60 H     GAT

ND2 13048 13954 907 H ATG T  
tRNA-Lys 13955 14008 61 H     TTT

one rRNA, 15 tRNA) are located on the H strand (Figure 1). Gene overlap exists 
among protein coding and tRNA genes. The overall base composition of all taxa based 
on the H strand shows anti-cytosine bias along with excesses of thymine and guanine 
(Table 3). Protein-coding genes comprise 76.2% of the total P. mexicana genome, and 
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Table 3. Nucleotide and skew statistics for the mitochondrial genomes used.

Whole genome composition
Species Size (bp) A% C% G% T% A+T% AT skew GC skew
Achatina fulica 15057 0,280 0,171 0,195 0,355 0,634 -0,118 0,064
Aegista aubryana 14238 0,313 0,145 0,164 0,379 0,692 -0,095 0,062
Aegista diversifamilia 14039 0,325 0,133 0,157 0,386 0,711 -0,086 0,083
Albinaria caerulea 14130 0,328 0,138 0,155 0,379 0,707 -0,073 0,059
Camaena cicatricosa 13843 0,319 0,135 0,167 0,379 0,698 -0,086 0,108
Cepaea nemoralis 14100 0,262 0,189 0,213 0,336 0,598 -0,125 0,058
Cerion incanum 15177 0,298 0,158 0,185 0,360 0,657 -0,095 0,077
Cylindrus obtusus 14610 0,258 0,166 0,219 0,358 0,615 -0,162 0,137
Dolicheulota formosensis 14237 0,284 0,131 0,167 0,418 0,702 -0,191 0,120
Gastrocopta cristata 14060 0,308 0,136 0,172 0,384 0,692 -0,110 0,116
Helix aspersa 14050 0,307 0,136 0,165 0,392 0,699 -0,121 0,097
Mastigeulota kiangsinensis 14029 0,295 0,144 0,182 0,379 0,674 -0,125 0,118
Naesiotus nux 15197 0,336 0,120 0,147 0,397 0,733 -0,083 0,100
Praticolella mexicana McAllen 14008 0,289 0,126 0,188 0,398 0,686 -0,159 0,198
Praticolella mexicana UTRGV 14008 0,288 0,126 0,188 0,398 0,686 -0,160 0,198
Pupilla muscorum 14149 0,325 0,129 0,153 0,393 0,718 -0,094 0,083
Succinea putris 14092 0,339 0,109 0,122 0,430 0,769 -0,113 0,055
Vertigo pusilla 14078 0,326 0,123 0,155 0,397 0,722 -0,098 0,116

five start (ATC, ATG, ATT, GTG, TTG) and two stop (TAA, TAG) codons are used. 
Incomplete stop codons (T) are used for atp6, atp8, cox1, cox3, ND2, and ND4 (Table 
2). No downstream stop codons were found for those six genes.

Maximum-likelihood analysis of our protein sequence dataset of 19 taxa and 4,011 
aligned amino acid positions yielded a single tree (Figure 2). Helicoidea, Bradybae-
nidae, and Helicidae were recovered as well-supported monophyletic groups (100% 
bootstrap support), as were Pupilloidea and Pupillidae. Bradybaenidae and Camaena 
were well-supported sister taxa, and P. mexicana was positioned as sister to the remain-
ing helicoid taxa. A maximum likelihood phylogeny of gene order again supported 
the monophyly of Bradybaenidae, Helicidae and Pupillidae, and suggested a sister 
relationship of Bradybaenidae with P. mexicana (Figure 3). Helicoidea, well-supported 
in the analysis of protein sequences, was not recovered as monophyletic though branch 
support was low (Figure 2). The gene order phylogeny represented a significantly less 
likely topology than the protein phylogeny (Δ likelihood = 1246.275, p << 0.01).

Given the protein topology represented the more likely relationships among our 
included taxa, we reconstructed ancestral gene orders predicted by MLGO with that 
topology. The results suggested a pattern of four rearrangements in the helicoid mi-
tochondrial genome (Figure 4), assuming the fewest number of gene rearrangements. 
Starting with the hypothetical ancestral helicoid mitogenome (Figure 2 node A), P. 
mexicana had (tRNA-Tyr, tRNA-Trp) transposing with (tRNA-Gly, tRNA-His). The 
Helicidae+Camaena+Bradybaenidae ancestor maintained the same order as the hypo-
thetical ancestral helicoid. Two unique rearrangements followed in Helicidae (Figure 2 
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Figure 2. Maximum likelihood phylogeny of Stylommatophora protein coding genes. Analysis in 
IQTREE yielded a single tree (log likelihood = -89104.188) under the mtZOA+F+I+G4 model. Branch 
support >50% is shown based on 10,000 ultra-fast bootstrap replicates. Helicoidea, Bradybaenidae, and 
Helicidae were recovered as monophyletic. Nodes A-E refer to rearrangements shown in Figure 4.

node C); tRNA-Pro moved from between tRNA-Leu1 and tRNA-Ala to between ND6 
and ND5, and (tRNA-Ser2, ND4) transposed with (tRNA-Thr, coxIII). The ancestor of 
Camaena+Bradybaenidae (Figure 2 node D) showed the same (tRNA-Tyr, tRNA-Trp) 
and (tRNA-Gly, tRNA-His) rearrangement as P. mexicana. Finally, a unique rearrange-
ment is seen in Aegista (Figure 2 node E) The ND3 gene moved from between tRNA-
Met and tRNA-Ser1 to between tRNA-Tyr and tRNA-Trp.

Discussion

Gastropod mitogenomes tend to be compact (Boore 1999) even while carrying non-
coding regions of varying sizes (Grande et al. 2008). Both mitogenomes sequenced from 
P. mexicana encode the standard 37 metazoan genes and possess intergenic non-coding 
regions. We believe that the 56 bp non-coding region between tRNA-Ser1 and Ser2 may 
represent the putative mitochondrial origin of replication (POR) and control region for 
P. mexicana. The POR is usually an AT-rich sequence that may contain palindromic 
stretches of nucleotides. The 56 bp region in P. mexicana is comparable in size to the 
presumed POR in Camaena and Bradybaenidae and is similarly AT-rich, though it is 



Russell L. Minton et al.  /  ZooKeys 626: 137–154 (2016)146

Figure 3. Maximum likelihood phylogeny of gene order. Analysis in MLGO yielded a single tree. Branch 
support >50% is shown based on 100 bootstrap replicates. Bradybaenidae and Helicidae were recovered 
as monophyletic, but Helicoidea was not.

often adjacent to cox3 in pulmonate snails (Gaitán-Espitia et al. 2013). Both new mi-
togenomes have the same gene order and strand orientations, and have the highest GC 
skew and third highest AT skew (Perna and Kocher 1995) among the species examined. 
Strand-specific bias in nucleotide composition is a common feature among metazoan 
mitogenomes (Hassanin et al. 2005) and may be a constraint of organellar function 
(Asakawa et al. 1991).

The two P. mexicana mitogenomes differ by 71 bp, which was fewer differences 
than seen in Cornu aspersum from Chile (107-149 bp), the only other stylommatopho-
ran with more than one mitogenome available (Gaitán-Espitia et al. 2013). Our pre-
liminary intraspecific mitogenome divergence in P. mexicana (0.5%) is comparable 
to that seen in other metazoans such as butterfly (Vanlalruati et al. 2015) and catfish 
(Wang et al. 2014b) species. The majority of the differences represent substitutions in 
non-coding regions or third codon positions. Our results also show that P. mexicana 
uses six different start codons and incomplete stop codons for mitochondrial gene 
expression. The invertebrate mitochondrial genetic code uses multiple alternate start 
codons (Osawa et al. 1992, Jukes and Osawa 1993), and partial stop codons are found 
in other land snail mitogenomes (Groenenberg et al. 2012, Wang et al. 2014a, Yang 
et al. 2015). Post-transcriptional adenylation is predicted to complete incomplete stop 
codons (Ojala et al. 1981).



Two complete mitochondrial genomes from Praticolella mexicana Perez, 2011... 147

Figure 4. Ancestral gene order reconstructions for Helicoidea. Columns (A–E) correspond to labeled 
nodes in Figure 2. IUPAC single letter codes are used to identify tRNA genes. Rearrangements in red 
and blue are unique to Helicidae. The convergent rearrangement seen in Bradybaenidae, Camaena, and 
Praticolella is shown in yellow. The green rearrangement is unique to Aegista.
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Mitochondrial gene rearrangements are common across Metazoa (Black and 
Roehrdanz 1998, Boore et al. 2004, Mwinyi et al. 2009, Wang et al. 2016) often in-
cluding the movement of tRNA genes (Mueller and Boore 2005, Dowton et al. 2009). 
In Helicoidea, two of the four rearrangements we observed involve tRNA genes only. 
These tRNA rearrangements are the most common type seen in mitogenomes (Xu et 
al. 2006) The (tRNA-Tyr, tRNA-Trp) and (tRNA-Gly, tRNA-His) rearrangement seen 
in bradybaenids, camaenids, and polygyrids represents a convergent restructuring of 
the genome. These homoplastic events involving tRNA genes were first observed in 
insects (Flook et al. 1995) and have been reported across Arthropoda. The fourth 
rearrangement we observed is unique to Aegista, involving the movement of the ND3 
protein coding gene. While less frequent than tRNA rearrangements, those involving 
protein coding genes without multiple gene inversions or transpositions have been 
shown in other mollusks (Grande et al. 2008, Osca et al. 2015).

Our protein sequence data support previous works showing the monophyly of Heli-
coidea, Helicidae, and Bradybaenidae. Previous work has suggested close relationships 
between Bradybaenidae, Camaenidae, and Polygyridae, but the monophyly of the for-
mer two families remains in question (Wade et al. 2001, Cuezzo 2003, Wade et al. 
2006, Wade et al. 2007, Razkin et al. 2015). Unfortunately, with the relatively small 
number of mitogenomes available, our data were unable to resolve these issues. Our 
gene order phylogeny further supported the monophyly of Helicidae and Bradybaeni-
dae, suggested close relationships between Bradybaenidae, Camaena, and P. mexicana, 
but did not suggest a monophyletic Helicoidea despite its consistent recovery elsewhere 
(Wade et al. 2001, Grande et al. 2004, Wade et al. 2007, Razkin et al. 2015). This find-
ing was unexpected, since comparisons of gene trees to gene order phylogenies tend to 
produce similar results across the tree of life when using whole nuclear genomes (Wolf 
et al. 2001). Differences that do arise have been attributed to the phylogenies deriving 
from uncorrelated datasets, with gene sequence trees being driven by point mutations in 
the coding DNA sequence while the gene orders vary through rearrangement (Sankoff 
et al. 1992). While many studies examine mitochondrial gene order in the context of 
sequence phylogenies (e.g. Aguileta et al. 2014, Weigert et al. 2016), we found no stud-
ies that used MLGO or similar older programs (e.g. MGRA, Alekseyev and Pevzner 
2009) to generate mitochondrial gene order phylogenies. More thorough and inclusive 
analyses are needed to determine to what extent the two types of phylogenies can be con-
gruent and how that congruence speaks to mitogenomic evolution (Leigh et al. 2011).

Acknowledgements

RLM is supported in part by faculty research and development funds and a Barrios 
fellowship from UHCL. MAMC and KEP would like to acknowledge UTRGV Sci-
ence Education Grant #52007568 funded by the Howard Hughes Medical Institute, 
ADVANCE Institutional Transformation Grant (NSF# 1209210), UTRGV Faculty 
Research Council, and College of Sciences for financial support. This work was sup-



Two complete mitochondrial genomes from Praticolella mexicana Perez, 2011... 149

ported in part by the National Science Foundation (under grant HRD-1463991). 
Any opinions, findings, and conclusions or recommendations are those of the authors 
and do not necessarily reflect the views of NSF. Jolanta Jaromczyk at UK Healthcare 
Genomics assisted with genome assembly.

References

Aguileta G, de Vienne DM, Ross ON, Hood ME, Giraud T, Petit E, Gabaldon T (2014) High 
variability of mitochondrial gene order among fungi. Genome Biology and Evolution 6: 
451–465. doi: 10.1093/gbe/evu028

Alekseyev M, Pevzner PA (2009) Breakpoint graphs and ancestral genome reconstructions. 
Genome Research 19: 943–957. doi: 10.1101/gr.082784.108

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search 
tool. Journal of Molecular Biology 215: 403–410. doi: 10.1016/S0022-2836(05)80360-2

Asakawa S, Kumazawa Y, Araki T, Himeno H, Miura K-i, Watanabe K (1991) Strand-specific 
nucleotide composition bias in echinoderm and vertebrate mitochondrial genomes. Journal 
of Molecular Evolution 32: 511–520. doi: 10.1007/bf02102653

Avise JC, Arnold J, Ball RM, Bermingham E, Lamb T, Neigel JE, Reeb CA, Saunders NC 
(1987) Intraspecific phylogeography: the mitochondrial DNA bridge between population 
genetics and systematics. Annual Review of Ecology and Systematics 18: 489–522. doi: 
10.1146/annurev.ecolsys.18.1.489

Bader M, Abouelhoda MI, Ohlebusch E (2008) A fast algorithm for the multiple genome rear-
rangement problem with weighted reversals and transpositions. BMC Bioinformatics 9: 
516. doi: 10.1186/1471-2105-9-516

Beesley PL, Ross GJ, Wells A (1998) Mollusca: the southern synthesis. CSIRO publishing, 1250 pp.
Bernt M, Donath A, Jühling F, Externbrink F, Florentz C, Fritzsch G, Pütz J, Midden-

dorf M, Stadler PF (2013) MITOS: Improved de novo metazoan mitochondrial ge-
nome annotation. Molecular Phylogenetics and Evolution 69: 313–319. doi: 10.1016/j.
ympev.2012.08.023

Black W, Roehrdanz RL (1998) Mitochondrial gene order is not conserved in arthropods: 
prostriate and metastriate tick mitochondrial genomes. Molecular Biology and Evolution 
15: 1772–1785. doi: 10.1093/oxfordjournals.molbev.a025903

Boore JL (1999) Animal mitochondrial genomes. Nucleic Acids Research 27: 1767–1780. doi: 
10.1093/nar/27.8.1767

Boore JL, Brown WM (1998) Big trees from little genomes: mitochondrial gene order as a phy-
logenetic tool. Current Opinion in Genetics and Development 8: 668–674. doi: 10.1016/
s0959-437x(98)80035-x

Boore JL, Medina M, Rosenberg LA (2004) Complete sequences of the highly rearranged mol-
luscan mitochondrial genomes of the scaphopod Graptacme eborea and the bivalve Mytilus 
edulis. Molecular Biology and Evolution 21: 1492–1503. doi: 10.1093/molbev/msh090

Bouchet P, Rocroi J-P, Frýda J, Hausdorf B, Ponder W, Valdés Á, Warén A (2005) Classification 
and nomenclator of gastropod families. Malacologia 47: 1–397. doi: 10.4002/040.052.0201

https://doi.org/10.1093/gbe/evu028
https://doi.org/10.1101/gr.082784.108
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1007/bf02102653
https://doi.org/10.1146/annurev.ecolsys.18.1.489
https://doi.org/10.1146/annurev.ecolsys.18.1.489
https://doi.org/10.1186/1471-2105-9-516
https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/10.1093/oxfordjournals.molbev.a025903
https://doi.org/10.1093/nar/27.8.1767
https://doi.org/10.1093/nar/27.8.1767
https://doi.org/10.1016/s0959-437x(98)80035-x
https://doi.org/10.1016/s0959-437x(98)80035-x
https://doi.org/10.1093/molbev/msh090
https://doi.org/10.4002/040.052.0201


Russell L. Minton et al.  /  ZooKeys 626: 137–154 (2016)150

Cuezzo MG (2003) Phylogenetic analysis of the Camaenidae (Mollusca: Stylommatophora) 
with special emphasis on the American taxa. Zoological Journal of the Linnean Society 
138: 449–476. doi: 10.1046/j.1096-3642.2003.00061.x

Deng P-J, Wang W-M, Huang X-C, Wu X-P, Xie G-L, Ouyang S (2016) The complete 
mitochondrial genome of Chinese land snail Mastigeulota kiangsinensis (Gastropoda: 
Pulmonata: Bradybaenidae). Mitochondrial DNA 27: 1441–1442. doi: 10.3109/194
01736.2014.953083

Dowton M, Cameron SL, Dowavic JI, Austin AD, Whiting MF (2009) Characterization of 
67 mitochondrial tRNA gene rearrangements in the Hymenoptera suggests that mito-
chondrial tRNA gene position is selectively neutral. Molecular Biology and Evolution 26: 
1607–1617. doi: 10.1093/molbev/msp072

Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Research 32: 1792–1797. doi: 10.1093/nar/gkh340

Flook P, Rowell H, Gellissen G (1995) Homoplastic rearrangements of insect mitochondrial 
tRNA genes. Naturwissenschaften 82: 336–337. doi: 10.1007/bf01131531

Funk DJ, Omland KE (2003) Species-level paraphyly and polyphyly: frequency, causes, and 
consequences, with insights from animal mitochondrial DNA. Annual Review of Ecology, 
Evolution, and Systematics 34: 397–423. doi: 10.1146/annurev.ecolsys.34.011802.132421

Gaitán-Espitia JD, Nespolo RF, Opazo JC (2013) The complete mitochondrial genome of 
the land snail Cornu aspersum (Helicidae: Mollusca): intra-specific divergence of protein-
coding genes and phylogenetic considerations within Euthyneura. PLOS ONE 8: e67299. 
doi: 10.1371/journal.pone.0067299

Gissi C, Iannelli F, Pesole G (2008) Evolution of the mitochondrial genome of Metazoa as 
exemplified by comparison of congeneric species. Heredity 101: 301–320. doi: 10.1038/
hdy.2008.62

Grande C, Templado J, Cervera JL, Zardoya R (2004) Molecular phylogeny of euthyneura 
(Mollusca: Gastropoda). Molecular Biology and Evolution 21: 303–313. doi: 10.1093/
molbev/msh016

Grande C, Templado J, Zardoya R (2008) Evolution of gastropod mitochondrial genome 
arrangements. BMC Evolutionary Biology 8: 61. doi: 10.1186/1471-2148-8-61

Gribaldo S, Philippe H (2002) Ancient phylogenetic relationships. Theoretical Population Biology 
61: 391–408. doi: 10.1006/tpbi.2002.1593

Groenenberg DS, Neubert E, Gittenberger E (2011) Reappraisal of the “Molecular phylogeny 
of Western Palaearctic Helicidae sl (Gastropoda: Stylommatophora)”: when poor science 
meets GenBank. Molecular Phylogenetics and Evolution 61: 914–923. doi: 10.1016/j.
ympev.2011.08.024

Groenenberg DS, Pirovano W, Gittenberger E, Schilthuizen M (2012) The complete mitogenome 
of Cylindrus obtusus (Helicidae, Ariantinae) using Illumina next generation sequencing. BMC 
Genomics 13: 114. doi: 10.1186/1471-2164-13-114

Hassanin A, Léger N, Deutsch J (2005) Evidence for multiple reversals of asymmetric mu-
tational constraints during the evolution of the mitochondrial genome of Metazoa, 
and consequences for phylogenetic inferences. Systematic Biology 54: 277–298. doi: 
10.1080/10635150590947843

https://doi.org/10.1046/j.1096-3642.2003.00061.x
https://doi.org/10.3109/194%C2%AD01736.2014.953083
https://doi.org/10.3109/194%C2%AD01736.2014.953083
https://doi.org/10.1093/molbev/msp072
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1007/bf01131531
https://doi.org/10.1146/annurev.ecolsys.34.011802.132421
https://doi.org/10.1371/journal.pone.0067299
https://doi.org/10.1038/hdy.2008.62
https://doi.org/10.1038/hdy.2008.62
https://doi.org/10.1093/molbev/msh016
https://doi.org/10.1093/molbev/msh016
https://doi.org/10.1186/1471-2148-8-61
https://doi.org/10.1006/tpbi.2002.1593
https://doi.org/10.1016/j.ympev.2011.08.024
https://doi.org/10.1016/j.ympev.2011.08.024
https://doi.org/10.1186/1471-2164-13-114
https://doi.org/10.1080/10635150590947843
https://doi.org/10.1080/10635150590947843


Two complete mitochondrial genomes from Praticolella mexicana Perez, 2011... 151

Hatzoglou E, Rodakis GC, Lecanidou R (1995) Complete sequence and gene organization of 
the mitochondrial genome of the land snail Albinaria coerulea. Genetics 140: 1353–1366.

He Z-P, Dai X-B, Zhang S, Zhi T-T, Lun Z-R, Wu Z-D, Yang T-B (2016) Complete mito-
chondrial genome of the giant African snail, Achatina fulica (Mollusca: Achatinidae): a novel 
location of putative control regions (CR) in the mitogenome within Pulmonate species. 
Mitochondrial DNA 27: 1084–1085. doi: 10.3109/19401736.2014.930833

Hu F, Lin Y, Tang J (2014) MLGO: phylogeny reconstruction and ancestral inference from 
gene-order data. BMC Bioinformatics 15: 1. doi: 10.1186/s12859-014-0354-6

Huang C-W, Lin S-M, Wu W-L (2016) Mitochondrial genome sequences of landsnails Aegista 
diversifamilia and Dolicheulota formosensis (Gastropoda: Pulmonata: Stylommatophora). 
Mitochondrial DNA 27: 2793–2795. doi: 10.3109/19401736.2015.1053070

Hunter SS, Settles ML, New DD, Parent CE, Gerritsen AT (2016) Mitochondrial genome 
sequence of the Galápagos endemic land snail Naesiotus nux. Genome Announcements 4: 
e01362–01315. doi: 10.1128/genomea.01362-15

Jukes T, Osawa S (1993) Evolutionary changes in the genetic code. Comparative Biochemistry 
and Physiology Part B: Comparative Biochemistry 106: 489–494. doi: 10.1016/0305-
0491(93)90122-l

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper 
A, Markowitz S, Duran C (2012) Geneious Basic: an integrated and extendable desktop 
software platform for the organization and analysis of sequence data. Bioinformatics 28: 
1647–1649. doi: 10.1093/bioinformatics/bts199

Kishino H, Hasegawa M (1989) Evaluation of the maximum likelihood estimate of the evolu-
tionary tree topologies from DNA sequence data, and the branching order in Hominoidea. 
Journal of Molecular Evolution 29: 170–179. doi: 10.1007/bf02100115

Klussmann-Kolb A, Dinapoli A, Kuhn K, Streit B, Albrecht C (2008) From sea to land and 
beyond–new insights into the evolution of euthyneuran Gastropoda (Mollusca). BMC 
Evolutionary Biology 8: 57. doi: 10.1186/1471-2148-8-57

Laslett D, Canbäck B (2008) ARWEN: a program to detect tRNA genes in metazoan mitochon-
drial nucleotide sequences. Bioinformatics 24: 172–175. doi: 10.1093/bioinformatics/btm573

Leigh JW, Lapointe F-J, Lopez P, Bapteste E (2011) Evaluating phylogenetic congruence in the 
post-genomic era. Genome Biology and Evolution 3: 571–587. doi: 10.1093/gbe/evr050

Lin Y, Hu F, Tang J, Moret BM (2013) Maximum likelihood phylogenetic reconstruction 
from high-resolution whole-genome data and a tree of 68 eukaryotes. In: Pacific Sympo-
sium on Biocomputing Pacific Symposium on Biocomputing. NIH Public Access, 285 pp.

Lowe TM, Eddy SR (1997) tRNAscan-SE: a program for improved detection of transfer 
RNA genes in genomic sequence. Nucleic Acids Research 25: 955–964. doi: 10.1093/
nar/25.5.0955

Manganelli G, Salomone N, Giusti F (2005) A molecular approach to the phylogenetic rela-
tionships of the western palaearctic Helicoidea (Gastropoda: Stylommatophora). Biological 
Journal of the Linnean Society 85: 501–512. doi: 10.1111/j.1095-8312.2005.00514.x

Marquardt JD (2013) Mitochondrial genome evolution in pupillid land snails. MS thesis, Uni-
versity of New Mexico, Albuguerque, New Mexico. http://hdl.handle.net/1928/23195

https://doi.org/10.3109/19401736.2014.930833
https://doi.org/10.1186/s12859-014-0354-6
https://doi.org/10.3109/19401736.2015.1053070
https://doi.org/10.1128/genomea.01362-15
https://doi.org/10.1016/0305-0491(93)90122-l
https://doi.org/10.1016/0305-0491(93)90122-l
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1007/bf02100115
https://doi.org/10.1186/1471-2148-8-57
https://doi.org/10.1093/bioinformatics/btm573
https://doi.org/10.1093/gbe/evr050
https://doi.org/10.1093/nar/25.5.0955
https://doi.org/10.1093/nar/25.5.0955
https://doi.org/10.1111/j.1095-8312.2005.00514.x
http://hdl.handle.net/1928/23195


Russell L. Minton et al.  /  ZooKeys 626: 137–154 (2016)152

Milbury CA, Gaffney PM (2005) Complete mitochondrial DNA sequence of the eastern oyster 
Crassostrea virginica. Marine Biotechnology 7: 697–712. doi: 10.1007/s10126-005-0004-0

Mindell DP, Sorenson MD, Dimcheff DE (1998) Multiple independent origins of mitochondri-
al gene order in birds. Proceedings of the National Academy of Sciences 95: 10693–10697. 
doi: 10.1073/pnas.95.18.10693

Minh BQ, Nguyen MAT, von Haeseler A (2013) Ultrafast approximation for phylogenetic 
bootstrap. Molecular Biology and Evolution 30: 1188–1195. doi: 10.1093/molbev/mst024

Mueller RL, Boore JL (2005) Molecular mechanisms of extensive mitochondrial gene rearrange-
ment in plethodontid salamanders. Molecular Biology and Evolution 22: 2104–2112. doi: 
10.1093/molbev/msi204

Mwinyi A, Meyer A, Bleidorn C, Lieb B, Bartolomaeus T, Podsiadlowski L (2009) Mitochon-
drial genome sequence and gene order of Sipunculus nudus give additional support for an in-
clusion of Sipuncula into Annelida. BMC Genomics 10: 27. doi: 10.1186/1471-2164-10-27

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ (2014) Iq-tree: A fast and effective sto-
chastic algorithm for estimating maximum-likelihood phylogenies. Molecular Biology and 
Evolution 32: 268–274. doi: 10.1093/molbev/msu300

Ojala D, Montoya J, Attardi G (1981) tRNA punctuation model of RNA processing in human 
mitochondria. Nature 290: 470–474. doi: 10.1038/290470a0

Osawa S, Jukes T, Watanabe K, Muto A (1992) Recent evidence for evolution of the genetic 
code. Microbiological Reviews 56: 229–264.

Osca D, Templado J, Zardoya R (2015) Caenogastropod mitogenomics. Molecular Phyloge-
netics and Evolution 93: 118–128. doi: 10.1016/j.ympev.2015.07.011

Perez KE (2011) A new species of Praticolella (Gastropoda: Polygyridae) from northeastern 
Mexico and revision of several species of this genus. Nautilus 125: 113–126.

Perez KE, Defreitas N, Slapcinsky J, Minton RL, Anderson FE, Pearce TA (2014) Molecular 
phylogeny, evolution of shell shape, and DNA barcoding in Polygyridae (Gastropoda: 
Pulmonata), an endemic North American clade of land snails. American Malacological 
Bulletin 32: 1–31. doi: 10.4003/006.032.0103

Perna NT, Kocher TD (1995) Patterns of nucleotide composition at fourfold degenerate sites 
of animal mitochondrial genomes. Journal of Molecular Evolution 41: 353–358. doi: 
10.1007/bf00186547

Rawlings TA, MacInnis MJ, Bieler R, Boore JL, Collins TM (2010) Sessile snails, dynamic 
genomes: gene rearrangements within the mitochondrial genome of a family of caenogas-
tropod molluscs. BMC Genomics 11: 440. doi: 10.1186/1471-2164-11-440

Razkin O, Gómez-Moliner BJ, Prieto CE, Martínez-Ortí A, Arrébola JR, Muñoz B, Chueca 
LJ, Madeira MJ (2015) Molecular phylogeny of the western Palaearctic Helicoidea (Gas-
tropoda, Stylommatophora). Molecular Phylogenetics and Evolution 83: 99–117. doi: 
10.1016/j.ympev.2014.11.014

Rokas A, Holland PW (2000) Rare genomic changes as a tool for phylogenetics. Trends in 
Ecology and Evolution 15: 454–459. doi: 10.1016/s0169-5347(00)01967-4

Rota-Stabelli O, Yang Z, Telford MJ (2009) MtZoa: a general mitochondrial amino acid sub-
stitutions model for animal evolutionary studies. Molecular Phylogenetics and Evolution 
52: 268–272. doi: 10.1016/j.ympev.2009.01.011

https://doi.org/10.1007/s10126-005-0004-0
https://doi.org/10.1073/pnas.95.18.10693
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1093/molbev/msi204
https://doi.org/10.1093/molbev/msi204
https://doi.org/10.1186/1471-2164-10-27
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1038/290470a0
https://doi.org/10.1016/j.ympev.2015.07.011
https://doi.org/10.4003/006.032.0103
https://doi.org/10.1007/bf00186547
https://doi.org/10.1007/bf00186547
https://doi.org/10.1186/1471-2164-11-440
https://doi.org/10.1016/j.ympev.2014.11.014
https://doi.org/10.1016/j.ympev.2014.11.014
https://doi.org/10.1016/s0169-5347(00)01967-4
https://doi.org/10.1016/j.ympev.2009.01.011


Two complete mitochondrial genomes from Praticolella mexicana Perez, 2011... 153

Saccone C, De Giorgi C, Gissi C, Pesole G, Reyes A (1999) Evolutionary genomics in Meta-
zoa: the mitochondrial DNA as a model system. Gene 238: 195–209. doi: 10.1016/s0378-
1119(99)00270-x

Sankoff D, Leduc G, Antoine N, Paquin B, Lang BF, Cedergren R (1992) Gene order com-
parisons for phylogenetic inference: Evolution of the mitochondrial genome. Proceedings 
of the National Academy of Sciences 89: 6575–6579. doi: 10.1073/pnas.89.14.6575

Shao R, Campbell NJ, Schmidt ER, Barker SC (2001) Increased rate of gene rearrangement in 
the mitochondrial genomes of three orders of hemipteroid insects. Molecular Biology and 
Evolution 18: 1828–1832. doi: 10.1093/oxfordjournals.molbev.a003970

Steinke D, Albrecht C, Pfenninger M (2004) Molecular phylogeny and character evolution in 
the Western Palaearctic Helicidae s.l. (Gastropoda: Stylommatophora). Molecular Phylo-
genetics and Evolution 32: 724–734. doi: 10.1016/j.ympev.2004.03.004

Terrett J, Miles S, Thomas R (1996) Complete DNA sequence of the mitochondrial genome of 
Cepaea nemoralis (Gastropoda: Pulmonata). Journal of Molecular Evolution 42: 160–168. 
doi: 10.1007/bf02198842

Vanlalruati C, De Mandal S, Guruswami G, Nachimuthu SK (2015) Illumina based whole 
mitochondrial genome of Junonia iphita reveals minor intraspecific variation. Genomics 
Data 6: 280–282. doi: 10.1016/j.gdata.2015.10.016

Wade CM, Hudelot C, Davison A, Naggs F, Mordan PB (2007) Molecular phylogeny of the 
helicoid land snails (Pulmonata: Stylommatophora: Helicoidea), with special emphasis on 
the Camaenidae. Journal of Molluscan Studies 73: 411–415. doi: 10.1093/mollus/eym030

Wade CM, Mordan PB, Clarke B (2001) A phylogeny of the land snails (Gastropoda: Pulmo-
nata). Proceedings of the Royal Society of London B: Biological Sciences 268: 413–422. 
doi: 10.1098/rspb.2000.1372

Wade CM, Mordan PB, Naggs F (2006) Evolutionary relationships among the Pulmonate 
land snails and slugs (Pulmonata, Stylommatophora). Biological Journal of the Linnean 
Society 87: 593–610. doi: 10.1111/j.1095-8312.2006.00596.x

Wang P, Yang H-F, Zhou W-C, Hwang C-C, Zhang W-H, Qian Z-X (2014a) The mito-
chondrial genome of the land snail Camaena cicatricosa (Müller, 1774) (Stylommatophora, 
Camaenidae): The first complete sequence in the family Camaenidae. ZooKeys 451: 33–48. 
doi: 10.3897/zookeys.451.8537

Wang Q, Xu C, Xu C, Wang R (2014b) Complete mitochondrial genome of the Southern 
catfish (Silurus meridionalis Chen) and Chinese catfish (S. asotus Linnaeus): Structure, phy-
logeny, and intraspecific variation. Genetics and Molecular Research 14: 18198–18209. 
doi: 10.4238/2015.december.23.7

Wang Z-L, Li C, Fang W-Y, Yu X-P (2016) The complete mitochondrial genome of two 
Tetragnatha spiders (Araneae: Tetragnathidae): Severe truncation of tRNAs and novel 
gene rearrangements in Araneae. International Journal of Biological Sciences 12: 109. doi: 
10.7150/ijbs.12358

Weigert A, Golombek A, Gerth M, Schwarz F, Struck TH, Bleidorn C (2016) Evolution of mi-
tochondrial gene order in Annelida. Molecular Phylogenetics and Evolution 94: 196–206. 
doi: 10.1016/j.ympev.2015.08.008

https://doi.org/10.1016/s0378-1119(99)00270-x
https://doi.org/10.1016/s0378-1119(99)00270-x
https://doi.org/10.1073/pnas.89.14.6575
https://doi.org/10.1093/oxfordjournals.molbev.a003970
https://doi.org/10.1016/j.ympev.2004.03.004
https://doi.org/10.1007/bf02198842
https://doi.org/10.1016/j.gdata.2015.10.016
https://doi.org/10.1093/mollus/eym030
https://doi.org/10.1098/rspb.2000.1372
https://doi.org/10.1111/j.1095-8312.2006.00596.x
https://doi.org/10.3897/zookeys.451.8537
https://doi.org/10.4238/2015.december.23.7
https://doi.org/10.7150/ijbs.12358
https://doi.org/10.7150/ijbs.12358
https://doi.org/10.1016/j.ympev.2015.08.008


Russell L. Minton et al.  /  ZooKeys 626: 137–154 (2016)154

White TR, Conrad MM, Tseng R, Balayan S, Golding R, de Frias Martins A, Dayrat BA 
(2011) Ten new complete mitochondrial genomes of pulmonates (Mollusca: Gastropoda) 
and their impact on phylogenetic relationships. BMC Evolutionary Biology 11: 295. doi: 
10.1186/1471-2148-11-295

Wolf YI, Rogozin IB, Grishin NV, Tatusov RL, Koonin EV (2001) Genome trees constructed 
using five different approaches suggest new major bacterial clades. BMC Evolutionary Biology 
1: 8. doi: 10.1186/1471-2148-1-8

Xia X, Xie Z (2001) DAMBE: software package for data analysis in molecular biology and 
evolution. Journal of Heredity 92: 371–373. doi: 10.1093/jhered/92.4.371

Xu W, Jameson D, Tang B, Higgs PG (2006) The relationship between the rate of molecular 
evolution and the rate of genome rearrangement in animal mitochondrial genomes. Journal 
of Molecular Evolution 63: 375–392. doi: 10.1007/s00239-005-0246-5

Yang X, Xie G-L, Wu X-P, Ouyang S (2016) The complete mitochondrial genome of Chi-
nese land snail Aegista aubryana (Gastropoda: Pulmonata: Bradybaenidae). Mitochondrial 
DNA 27: 3538–3539. doi: 10.3109/19401736.2015.1074207

Yang Z (1998) On the best evolutionary rate for phylogenetic analysis. Systematic Biology 47: 
125–133. doi: 10.1080/106351598261067

https://doi.org/10.1186/1471-2148-11-295
https://doi.org/10.1186/1471-2148-11-295
https://doi.org/10.1186/1471-2148-1-8
https://doi.org/10.1093/jhered/92.4.371
https://doi.org/10.1007/s00239-005-0246-5
https://doi.org/10.3109/19401736.2015.1074207
https://doi.org/10.1080/106351598261067

	Two complete mitochondrial genomes from Praticolella mexicana Perez, 2011 (Polygyridae) and gene order evolution in Helicoidea (Mollusca, Gastropoda)
	Abstract
	Introduction
	Materials and methods
	Specimen collection and DNA extraction
	Genome sequencing and assembly
	Genome annotation
	Phylogenetic analysis of mitochondrial genes
	Gene order analysis and phylogeny

	Results
	Discussion
	Acknowledgements
	References

