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  Abstract       The mitochondrial genome (mitogenome) analysis is a signifi cant tool for investigating the 
evolutionary history of metazoan animals. The family Pandalidae is a diverse caridean group containing 
mainly deep-sea species. Until May 30 2019, only two complete mitogenomes are available in GenBank. 
Here we present the complete mitogenome sequences of two deep-sea pandalid shrimps,  Heterocarpus  
 ensifer  and  Bitias   brevis  through Illumina sequencing. The mitochondrial genomes were determined to 
be 15 939 bp and 15 891 bp long, and both consist of 13 protein-coding genes (PCGs), 23 transfer-RNA 
genes (tRNAs), two ribosomal-RNA genes (rRNAs), and one control region. The nucleotide composition 
is biased toward adenine and thymine. Overall, the gene contents and arrangements are consistent with the 
pancrustacean ground pattern. The alignment of the control regions of four pandalids reveals a conserved 
sequence block (CSB) (104 bp in length, average GC%=29.47% and 69.23% similarity). A phylogenetic 
analysis based on 51 Caridea complete mitogenomes revealed that the deep-sea pandalid shrimps are 
situated an intermediate lineage, with a tendency to originated from those living in shallow sea area.   
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 1 INTRODUCTION 

 Animal mitochondrial (mt) genomes are covalently 
closed circular molecules of DNA that usually contain 
37 genes, including 13 protein-coding genes, 22 tRNA 
genes, 2 rRNA genes, and an control region (CR) 
(Boore, 1999). Mitochondrial DNA sequences are 
extensively used in population genetics, species 
identifi cation, phylogenetic relationships at various 
taxonomic levels and comparative and evolutionary 
genomics studies, owing to their unique features of 
conserved gene content, lack of extensive 
recombination, relatively high evolutionary rate and 
abundant marker types (Moritz and Brown, 1987; 
Curole and Kocher, 1999; Hebert et al., 2003; Gissi et 
al., 2008). As organelle genomes, the complete 
mitochondrial genomes also provide a suite of 

genome-level features, such as the rearrangement of 
genes, base composition, codon usage, tRNA and 
rRNA gene secondary structures (Simon et al., 2006; 
Gissi et al., 2008; Liu et al., 2016).  

 Mitochondrial gene arrangements seem seldom to 
have changed in some phyla of animal. Most 
vertebrate mitogenomes have a typical gene order, 
excluding groups such as birds and amphibians 
(Mindell et al., 1998; Mueller and Boore, 2005). 
However, invertebrates display accelerated gene 
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rearrangement events (Cameron et al., 2007). Gene 
arrangement show amount of variation in crustaceans 
mitogenomes, e.g. amphipods (Stokkan et al., 2016), 
in which three species of the same genus 
 Pseudoniphargus  display each a unique mitochondrial 
gene arrangement with respect to either the presumed 
Pancrustacean order or those known for other 
amphipods. The mitochondrial gene rearrangement 
within a lineage has been supposed to be 
phylogenetically informative (Boore and Brown, 
1998; Serb and Lydeard, 2003; Boore et al., 2004; 
Yuan et al., 2012; Yang et al., 2016). Previous study 
have suggested that positive selection could act on 
gene order in the mitogenomes (Satoh et al., 2010).  

 The deep sea occupies a vast portion of the world 
ocean, which is by far the largest environment on the 
planet. However, the knowledge of the diversity and 
evolutionary history of the deep-sea fauna is still 
remarkably poor. For a long time, the deep sea has 
been regarded as a region with a limited number of 
species, owing to its harsh biotic conditions with low 
temperatures, extreme hydrostatic pressures, and the 
absence of light and nutrient-poor sediments (Gage 
and Tyler, 1991). Caridea Dana, 1852 is one of the 
largest infraorders in the order Decapoda, containing 
over 3 400 species in 36 families (De Grave and 
Fransen, 2011; Liao et al., 2017). They occur in all 
aquatic habitats on the planet, ranging from freshwater 
to the deep sea ecosystems, providing an excellent 
model to explore the origin and evolution of faunas in 
diff erent aquatic habitats. Compared to the size and 
diversity of Caridea, the existing information on 
Caridea mitogenome is still limited. To date, the 
complete mitogenomes of Caridea were determined 
only in 51 diff erent species (https://www.ncbi.nlm.
nih.gov/). Furthermore, within the infraorder Caridea, 
the sampling is imbalanced: twenty-three for the 
family Atyidae, eleven for the Palaemonidae, seven 
for the Alvinocarididae, fi ve for the Alpheidae, two 
for the Pandalidae, two for the Crangonidae and one 
for the Rhynchocinetidae.   

 The family Pandalidae is a diverse caridean group 
with more than 189 species in 23 genera (De Grave et 
al., 2009), which distributed and inhabiting shallow 
and deep waters below 4 000 m depth. Some studies 
based on the partial sequences supported the 
monophyly of the family Pandalidae (Bracken et al., 
2009; Li et al., 2011; Aznar-Cormano et al., 2015), 
except Liao et al. (2019), which state that Pandalidae 
is paraphyletic with the monophyletic family 
Thalassocarididae nested within. However, there has 

been no previous attempt to resolve phylogenetic 
position of Pandalidae within Caridea using 
mitogenome sequences. To date, only two complete 
mitogenome of pandalid species,  Chlorotocus  
 crassicornis  (KY944589) and  Pandalus   borealis  
(LC341266), were available in the GenBank.  

 To improve our understanding of the mitogenome 
evolution and phylogenetic position of Pandalidae, 
the complete mitogenome of two deep-sea pandalid 
shrimps,  Heterocarpus   ensifer  and  Bitias   brevis , were 
sequenced. We compared the newly sequenced 
mitogenomes with the previously published 
sequences. We provided a comparative analysis of 
four pandalid mitogenomes, including the genomic 
structures, base composition, codon usage, and the 
structure features for the control regions. Finally, we 
evaluated the phylogenetic position of pandalid 
species within Caridea in mitogenome perspective. 

 2 MATERIAL AND METHOD 

 2.1 Sampling and DNA extraction 

 The deep-sea pandalid shrimp,  H .  ensifer  was 
captured from Yap Seamount, Western Pacifi c 
(11°18′06.941′′N, 139°21′43.096′′E) at a depth of 
415.7 m, and  B .  brevis  were captured from 8°51′N, 
137°47′E at a depth of 311 m. Specimens were 
immediately preserved in 95% ethanol until DNA 
extraction. Total genomic DNA was isolated using the 
DNeasy tissue kit (Qiagen) according to the 
manufacturer’s instructions. 

 2.2 Illumina sequencing, mitogenome assembly 
and annotation 

 A total amount of 1 μg DNA per sample was used 
as input material for the DNA sample preparations. 
Sequencing libraries were generated using NEBNext ®  
Ultra™ DNA Library Prep Kit for Illumina (NEB, 
USA) following manufacturer’s recommendations 
and index codes were added to attribute sequences to 
each sample. The clustering of the index-coded 
samples was performed on a cBot Cluster Generation 
System according to the manufacturer’s instructions. 
After cluster generation, the library preparations were 
sequenced on an Illumina HiSeq 2500 platform and 
paired-end reads were generated. The raw reads 
fi ltered with average quality value (lower than Q20) 
were excluded from further analysis. Clean data were 
then assembled using SOAP denovo (Li et al., 2010) 
with k-mer=55. Then we blast contigs against the 
reference mitogenome of  Chlorotocus   crassicornis  
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(KY944589) from the family Pandalidae. The contigs 
identifi ed as mitogenome sequences were manually 
examined for repeats at the beginning and end of the 
sequence to establish a circular mitochondrial DNA.  

 ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/
gorf.html) and BLASTx were used to determine the 
protein coding genes (PCGs) using the invertebrate 
mitochondrial genetic code. The positions of transfer 
RNA (tRNA) genes were localized by ARWEN 
(Laslett and Canbäck, 2008) and DOGMA (Wyman et 
al., 2004) using the invertebrate mitochondrial genetic 
code and the default search mode. To defi ne the 
ribosomal RNA (rRNA) genes, the inferred sequences 
were identifi ed by their similarity to those of other 
published crustacean mitogenomes by BLAST search 
(http://www.ncbi.nlm.nih.gov/BLAST). 

 The mitochondrial genomes of the  H .  ensifer  and 
 B .  brevis  mitogenomes were generated with the 
program CGView (Stothard and Wishart, 2005). The 
two mitochondrial genomes have been deposited in 
the GenBank database under the accession numbers 
MG674228 for  H .  ensifer  and MG674229 for 
 B .  brevis .  

 2.3 Sequence analysis 

 The base composition and skewness analyses 
across the complete genomes (plus strand) were 
performed and compared among  H .  ensifer ,  B .  brevis , 
 C .  crassicornis  (KY944589), and  Pandalus   borealis  
(LC341266). The A+T content values were computed 
using Editseq program from DNASTAR. The skew in 
nucleotide composition was calculated by GC and AT 
skew, which were measured according to the formulae 
by Perna and Kocher (1995), AT skew=(A–T)/(A+T); 
GC skew=(G–C)/(G+C). The frequencies of codons 
and relative synonymous codon usage (RSCU) were 
determined with MEGA 5 (Tamura et al., 2011). The 
tandem repeat sequences were searched by Tandem 
Repeats Finder 4.0 (Benson, 1999). The potential 
secondary structures of tandem repeat sequences were 
predicted using the online Mfold software version 3.2 
with default settings (Zuker, 2003). When more than 
one secondary structures were possible, the one with 
the lowest free energy score was used.  

 2.4 Phylogenetic analysis 

 The nucleotide sequences of 13 PCGs and 2 rRNA 
genes from 51 complete Caridea mitogenomes 
(Supplementary Table S1) were used to perform 
phylogenetic analyses, with fi ve amphipod species as 
the outgroups. The nucleotide sequences for the PCG 

and rRNA genes were aligned with MAFFT (Katoh et 
al., 2005), applying the E-INS-I manual strategy with 
default parameters. Ambiguously aligned and variable 
areas were recognized using the program Gblocks 
(Castresana, 2000; Talavera and Castresana, 2007) 
(default setting) and excluded from the analyses. 
DAMBE 4.2.13 (Xia et al., 2003; Xia and Lemey, 
2009) was taken to measure the substitution saturation. 
PartitionFinder v1.1.1 (Lanfear et al., 2012) was used 
to determine the best partitioning schemes and 
corresponding substitution models. The data blocks 
were predefi ned by genes and codon positions for 
nucleotide sequences of protein-coding genes. The 
Bayesian information criterion (BIC) and the greedy 
heuristic search algorithm with branch lengths 
estimated as “unlinked” to identify the best-fi t 
partition schemes. The best-fi t partitioning schemes 
(Supplementary Table S2) were adopted in the 
phylogenetic analyses. 

 Maximum Likelihood (ML) analyses were 
performed using IQTREE Web Server (http://iqtree.
cibiv.univie.ac.at/; Trifi nopoulos et al., 2016) with 
partition models. The reliability of the tree topologies 
was evaluated using bootstrap support with 100 
replicates for the ML analysis. Bayesian inference 
(BI) was performed using MrBayes 3.2 (Ronquist et 
al., 2012), with each partition allowed to have its own 
set of parameters, respectively. The Markov chain 
Monte Carlo (MCMC) was run for 10 million 
generations, with sampling frequency of 1 000. All 
parameters were checked with Tracer v 1.5 
(Drummond and Rambaut, 2007). After discarding 
the fi rst 5 000 trees as burn-in, the remaining 5 000 
sampled trees were used to calculate a majority rule 
consensus tree and posterior probabilities (PP).  

 3 RESULT AND DISCUSSION 

 3.1 General features of Pandalidae mitochondrial 
genomes 

 The lengths of the newly complete mitogenomes of 
 H .  ensifer  and  B .  brevis  were 15 939 bp and 15 891 bp, 
respectively (Supplementary Fig.S1). The length of 
 H .  ensifer  mitogenome was longer than that of 
 C .  crassicornis  (KY944589) (15 935 bp), but shorter 
than that of  Pandalus   borealis  (LC341266). The 
mitogenome of  B .  brevis  was the smallest among the 
available pandalid shrimps. Each mitogenome of the 
two pandalids encodes 37 genes, including 13 PCGs 
( cox1 - 3 ,  cytb ,  nad1 - 6 ,  nad4l ,  atp6 , and  atp8 ), 
22 tRNA genes and two rRNA genes ( rrnL  and  rrnS ). 
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They arranged in the same order with that of the 
typical pancrustacean ground pattern (Lavrov et al., 
2000). Four protein coding genes ( nad1 ,  nad5 ,  nad4 , 
and  nad4l ), and six tRNAs gnnes ( tRNA  His ,  tRNA  Pro , 
 tRNA  Leu   (  UAG  ) ,  tRNA  Val ,  tRNA  Gln , and  tRNA  Tyr ) were 
encoded by the H-strand, while the remaining genes 
were encoded by the L-strand (Supplementary Fig.S1).  

 The base counts yield A+T composition of 64.76% 
and 64.84% for  H .  ensifer  and  B .  brevis , which were 
slightly higher than that of  C .  crassicornis  but lower 
than that of  P .  b  orealis  (Table 1). The AT content of 
third codon position of PCGs varied from 60.39% to 
71.42%, being slightly lower than in the control 
region (76.59% to 79.26%). This phenomenon was in 
agreement with the “transcription hypothesis of the 
codon usage” (Sun et al., 2009), which suggested that 
the cells have a high availability of ATP and relatively 
low availability of the other three NTPs. The 
nucleotide compositions of four pandalid 
mitogenomes are all strongly skewed away from G in 
favor of C (the GC-skews are from -0.21 in  P .  borealis  
to -0.26 in both  H .  ensifer  and  B .  brevis ) and from T 
in favor of A (the AT-skews are from 0.06 in both 
 B .  brevis  and  C .  crassicornis  to 0.08 in  H .  ensifer ) 
(Table 1). These values were similar to those found in 
other Caridea species with the mitochondrial genome 
available (Sun et al., 2018). The Pandalidae showed 
the same mitochondrial gene orders with the 
pancrustacean ground pattern, although tRNAs 
rearranged between some caridean families (Fig.1) 
(Lavrov et al., 2000). 

 3.2 Protein-coding and ribosomal RNA genes 

 The PCGs of the pandalid mitochondrial genomes 
are conserved among four species: an average of 83% 
for amino acid and 74% for nucleotide sequences. 
Pairwise identities were also calculated for nucleotide 
and amino acid sequences of the 13 individual PCGs. 
The gene  cox1  is the most conserved in both nucleotide 

sequences (80%) and amino acid sequences (95%). 
The genes  atp8 ,  nad6 , and  nad2  are the most variable 
in nucleotide sequences (71%, 65%, and 66%, 
respectively) and in amino acid sequences (77%, 66% 
and 70%, respectively).  

 Most PCGs of the four pandalid mitochondrial 
genomes were defi ned by the common start codons 
for invertebrate mitogenome (ATN codon). The 
initiation site for the  cox1  gene in  C .  crassicornis  
were GCG and in  P .  borealis  were CGA. The initiation 
site for the  atp6  gene in  H .  ensifer  and  B .  brevis  were 
TTG. Out of the 13 protein-coding genes, fi ve show 
incomplete stop codons ( cox1 ,  cox2 ,  cytb ,  nad4 , and 
 nad5 ). It has been explained that a functional TAA 
stop codon will be created viapost-transcriptional 
polyadenylation in the genes which were ended with 
partial stop codons T or TA (Ojala et al., 1981). 

 Excluding stop codons, the mitogenomes of 
 H .  ensifer ,  B .  brevis ,  C .  crassicornis  and  P .  borealis  
encodes 3 701, 3 706, 3 704 and 3 708 amino acids 
(Supplementary Table S3), respectively. The RSCU 
values for the codons NNU and NNA were usually 
higher than 1, suggesting a strong A+T-bias in their 
third codon position. The most representative was the 
leucine amino acid, i.e. The TTA codon presented a 
RSCU value of 2.11–2.70 in the four Pandalidae 
mitogenomes, while the codon TTG, which also 
translates a leucine, showed a RSCU value of 0.55–
0.69. This result was also consistent with the 
hypothesis that the codon usage bias and the AT bias 
of the third codon position may be positively 
correlated in the mitogenomes (Salvato et al., 2008; 
Kim et al., 2009; Chai et al., 2012; Hao et al., 2012). 
In Pandalidae PCGs, the content of A+T-rich codon 
families (Phe, Ile, Met, Tyr, Asn and Lys) are higher 
than G+C-rich codon families (Pro, Ala, Arg and 
Gly). The ratio G+C/A+T-rich codons was 0.67, 0.69, 
0.68, 0.68 in  H .  ensifer  and  B .  brevis ,  C .  crassicornis  
and  P .  borealis , respectively, which is higher than that 

 Table 1 Genomic features of the mitogenomes of Pandalidae species 

 Species  Plus strand  Protein coding genes  rRNAs  tRNAs  Non-coding 
  region  Control region 

   Length 
(bp) 

 A+T
  (%) 

 AT 
skew 

 GC 
skew 

 No. of 
AA 

 A+T  
(%) 

 Length 
(bp) 

 A+T 
(%) 

 Length 
(bp) 

 A+T 
(%) 

 Length 
(bp) 

 A+T  
(%) 

 Length 
(bp) 

 A+T 
(%) 

             1 st   2 nd   3 rd                  

  H .  ensifer   15 939  64.76  0.08  -0.26  3 701  55.88  61.31  69.55  2 172  69.94  1 486  65.34  1 185  77.97  1 075  79.26 

  B .  brevis    15 891  64.84  0.06  -0.26  3 706  55.91  61.01  71.42  2 170  69.12  1 490  65.91  1 126  75.84  1 021  76.59 

  C . 
 crassicornis   15 935  63.45  0.06  -0.22  3 704  60.14  60.10  60.39  2 171  71.03  1 465  66.69  1 178  76.81  1 003  78.27 

P.   borealis   15 956  65.60  0.07  -0.21  3 708  57.85  61.84  71.01  2 105  69.55  1 452  66.32  1 175  76.62  1 091  76.90 
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observed in insects (Crozier and Crozier, 1993; 
Lessinger et al., 2000; Oliveira et al., 2008). 

 Similar to the mitochondrial genome of other 
caridean species, the  rrnL  and  rrnS  were situated 
between  tRNA  Leu   (  UAG  )  and the control region, separated 
by  tRNA  Val . In  H .  ensifer  and  B .  brevis ,  C .  crassicornis  
and  P .  borealis , the  rrnL  and  rrnS  are 2 172 bp, 2 170 bp, 
2 171 bp and 2 105 bp, respectively, with the AT 
content of 69.94%, 69.12%, 71.03%, and 69.55% 
(Table 1), slightly higher than the overall content. 

 3.3 Transfer RNA genes and anticodons 

 The complete set of 22 transfer RNA (tRNA) genes 
typical of metazoan mitogenomes was present in 
 H .  ensifer  and  B .  brevis . They ranged in size from 
64 bp to 72 bp in  H .  ensifer , and from 65 bp to 72 bp 
in  B .  brevis . Most of the tRNA sequences can fold 
into canonical clover-leaf secondary structures except 
 tRNA  Ser  (  UCU  ) , whose paired “DHU” arm were missing, 
simplifi ng down to a loop (Supplementary Figs.S2–
S3). The lacks of DHU-arm in  tRNA  Ser  (  UCU  )  is a 
common feature in metazoan mitogenomes 
(Wolstenholme, 1992). It can also work in a similar 
way as usual tRNAs, after the processe of post-

transcriptional RNA editing (Ohtsuki et al., 2002; 
Masta and Boore, 2004; Chimnaronk et al., 2005). 

 In vertebrate mitogenomes, the most used codon 
(optimal codon) in a degenerate codon family usually 
perfectly matches their tRNA anticodon. This 
phenomenon is called codon-anticodon adaptation, 
and is also known as optimal codon usage (Bulmer, 
1987). Unlike the vertebrate mitochondrial genomes, 
the adaptation between codon and anticodon was not 
found in Pandalidae mitogenomes (Supplementary 
Table S3). The codon-anticodon adaptation in the 
mitogenomes may be disrupted by the A+T mutation 
pressures. This result was not consistent with the 
hypothesis in the vertebrate mitogenome that anticodon 
evolution is driven by codon composition (Xia, 2005).  

 3.4 Non-coding regions 

 Except the coding regions, the mitogenomes also 
features 12 non-coding regions for  H .  ensifer  and 11 
non-coding regions for  B .  brevis , with a total of 1 185 
and 1 126 non-coding bases, respectively. Although 
these non-coding sequences account for only 7.4% 
and 7.1% of the whole mitochondrial genomes, they 
have higher AT content than that observed in any 

Ancestal pancrustacean pattern

Atyidae

Alvinocarididae

Pandalidae (e.g. Bitias brevis

Palaemonidae (Macrobrachium)

Palaemonidae (Exopalaemon)

Crangonidae

Rhynchocinetidae

nad5 nad1nad4 Cytbcox2 nad6nad3atp8 nad4lcox3 nad2rrnL rrnScox1 atp6 CRS2 L1N MRG T IED V WC YPFAK QHL2 S1

nad5 nad1nad4 Cytbcox2 nad6nad3atp8 nad4lcox3 nad2rrnL rrnScox1 atp6 CRS2 L1N MRG T IED V WC YPFAK QHL2 S1

nad5 nad1nad4 Cytbcox2 nad6nad3atp8 nad4lcox3 nad2rrnL rrnScox1 atp6 CRS2 L1N MRG T IED V WC YPFAK QHL2 S1

nad5 nad1nad4 Cytbcox2 nad6nad3atp8 nad4lcox3 nad2rrnL rrnScox1 atp6 CRS2 L1N MRG T IED V WC YPFAK QHL2 S1

nad5 nad1nad4 Cytbcox2 nad3atp8 cox3 nad2rrnL rrnScox1 atp6 CRS2 L1N MRG IED V WC YFAK QHL2 S1

nad5 nad1nad4 Cytbcox2 nad6nad3 atp8nad4lcox3 rrnL rrnScox1 atp6 CRS2 L1N MRG T IED VPFAK HL2 S1

nad5 nad1nad4 Cytbcox2 nad6nad3atp8 nad4lcox3 nad2rrnL rrnScox1 atp6 CRS2 L1N MRG T IED V WC YPFAK QHL2 S1

nad6nad4l P T

Alpheidae (Alpheus lobidens)

Alpheidae (Alpheus distinguendus)

nad5 nad1nad4 Cytbcox2 nad6nad3atp8 nad4lcox3 nad2rrnL rrnScox1 atp6 CRS2 L1N MRG T IED V WC YPFAK QHL2 S1 Q

nad5 nad1nad4 Cytbcox2 nad6nad3atp8 nad4lcox3 nad2rrnL rrnScox1 atp6 CRS2 L1N MRG T IED V WC YPFAK QHL2 S1

nad2MI WC YQM

(D)

(D)(D)(D)

rrnL rrnS CRS2 L1N MRG T IED V WC YPFAK QHL2 S1 nad5 nad1nad4 Cytbcox2 nad6nad3atp8 nad4lcox3 nad2cox1 atp6

Heterocarpus ensifer)

 Fig.1 Linear representation of the mitochondrial gene arrangement of the ancestral mitogenome of pancrustaceans and 
Caridea species 
  Cox1  has been designated the start point for all genomes. Protein-coding, rRNA and tRNA genes are transcribed from left to right except those 
indicated by underscores ( ), which are transcribed from right to left. The gene abbreviations are designated as in the Fig.1. The gene segments are not 
drawn to scale. The bars indicate rearranged gene blocks. The character “D” indicates the duplication events. 
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other region, reaching 77.97% and 75.84%, 
respectively (Table 1).  

 The control region (CR) consists of 1 075 and 
1 021 bp in  H .  ensifer  and  B .  brevis , respectively, 
which located between  rrnS  and  trnI  genes. Both in 
 H .  ensifer  and  B .  brevis , as well as in the two other 
Pandalidae, it exhibits the highest A+T content. In 
 H .  ensifer ,  B .  brevis  and  C .  crassicornis , the CRs 
contained tandem repeat sequences (position 13 868–
14 036 for  C .  crassicornis , 13 561–13 670 for 
 H .  ensifer , position 13 568–13 616 for  B .  brevis ), 
which were 169, 110, and 61 bp in length, all 
comprising two tandem repeat units, respectively 
(Fig.2a). In addition, some other peculiar patterns, 
such as GA-block and [TA(A)]n-blocks were also 
identifi ed within this region, although these elements 
were not located at the same position as they were 
found in other crustaceans (Kuhn et al., 2008; Liu and 
Cui, 2010). The alignment of the four Pandalidae 
control regions reveals a conserved sequence block 
(CSB) (104 bp in length, average GC%=29.47% and 
69.23% similarity) (Fig.2b). CSBs have been 
identifi ed in the control region of various metazoans 
and are generally thought to play a role in the 
replication mechanism (Walberg and Clayton, 1981; 
Lee and Kocher, 1995; Zhang and Hewitt, 1997). 
However, this is only speculative. Studies that are 
more comprehensive would be required to identify 
precisely replication origins.  

 3.5 Phylogenetic analyses 

 It has been recommended that mitogenome contains 
enough genetic variation for resolving systematic 
relationships among higher taxa of decapod 
crustaceans (Lin et al., 2012; Shen et al., 2013). In the 
present study, the family Pandalidae is recovered to be 
monophyletic (Fig.3). This result was not consistent 
with that of Liao et al. (2019), which state that 
Pandalidae is paraphyletic with the monophyletic 
family Thalassocarididae nested within. Pandalidae 
has a closest relationship with the group of 
Palaemonidae + Alpheidae, and Alvinocarididae was 
sister to the ((Palaemonidae + Atyidae) + Pandalidae) 
clade. Then Atyidae and ((Palaemonidae + Alpheidae) 
+ Pandalidae) + Alvinocarididae clustered together. 
The Rhynchocinetidae and Crangonidae (with only 
one species each) were basally placed in the trees in all 
analyses. The result is in confl ict with the results of 
Liao et al. (2019), where they fi nd Pandalidae being 
sister to (Crangonidae, Glyphocrangonidae). Also our 
result did not support the previous fi nding revealed by 
fi ve nuclear genes (18S, Enolase, H3, NaK, PEPCK) 
(Li et al., 2011), which suggested that the families 
Hippolytidae, Palaemonidae, Alpheidae, Crangonidae 
and Pandalidae clustered in one clade, while 
Oplophoridae, Nematocarcinidae, Rhynchocinetidae 
and Alvinocarididae clustered in another clade, and the 
Atyidae has been considered as basal lineage within 
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 Fig.2 Structural organization of the mitochondrial control region of  P.     borealis ,  C.     crassicornis ,  H.     ensifer    and  B.     brevis    (a); 
alignment of the conserved sequence blocks identifi ed in the mitochondrial control region of the four Pandalidae 
species (b) 
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indicate the GA-blocks. The blue boxes indicate the [TA(A)]n-blocks.  
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the Caridea. The inconsistent results may due to the 
heterogeneity of data and diff erent numbers of samples.  

 4 CONCLUSION 
 This study characterized the complete mitogenome 

of two deep-sea pandalid shrimps,  Heterocarpus  
 ensifer  and  Bitias   brevis , which were circular 
molecules and encoded 37 typical mitochondrial 
genes. The study provided the following conclusions 
about deep-sea pandalid shrimps: (1) the gene 
contents and arrangements of pandalid species are 

consistent with the pancrustacean ground pattern; (2) 
the mitochondrial control regions of Pandalidae 
 species  are characterized by the diff erent position of 
structural elements, e.g., tandem repeat sequence, 
GA-block and [TA(A)]n-blocks compared with other 
reported crustaceans. The Pandalidae CRs contained 
a conserved sequence block, which may play a role in 
the replication mechanism; (3) phylogenetic analysis 
supported that the deep-sea pandalid shrimps are 
situated an intermediate lineage, with a tendency to 
originated from those living in shallow sea area. 
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 Fig.3 Phylogenetic trees derived from Maximum Likelihood (ML) and Bayesian analyses 
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