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ABSTRACT. Fenneropenaeus penicillatus is a widely distributed 
economically and ecologically important shrimp species, which is 
endangered in China. Sequence analysis of 16s rRNA and control 
region (CR) fragments from mitochondrial DNA was conducted to 
obtain information on genetic diversity and population structure. 
Individuals from 12 wild F. penicillatus populations located along the 
southeast coast of China were used. Polymerase chain reaction (PCR) 
fragments of the CR gene revealed high genetic diversity among the 12 
populations; however, PCR fragments of the 16s rRNA gene revealed 
very low genetic diversity in the Hainan (HN) and Ningde (ND) 
populations and high genetic diversity in the DS, BH, PT, XM, and SZ 
populations. Data obtained from the CR and 16s rRNA genes suggested 
that high genetic differentiation exists among the 12 populations, which 
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is mainly due to the high genetic differentiation between HN and all 
other 11 populations. These results may be useful for further sustainable 
management and utilization of this species.

Key words: Fenneropenaeus penicillatus; mtDNA; 16s rRNA; 
Control region; Genetic diversity; Population structure

INTRODUCTION

Fenneropenaeus penicillatus (Alcock, 1905, common name: red tail prawn or red tail 
shrimp) plays important roles in estuarine and marine ecosystems. It has a high commercial 
value for both harvest and aquaculture, especially in Asia. However, the rapid decrease of wild 
stocks mainly due to overexploitation, as well as a decrease in aquaculture because of shrimp 
disease, has drew attention to the conservation and sustainable management of the species. 
In addition, in 2005, F. penicillatus was listed in the Red List of China Endangered Species. 
However, few genetic studies have been conducted on this species (Cao et al., 2012; Zhang et 
al., 2012; Shangguan et al., 2014; Yuan et al., 2015).

Analyses of genetic diversity and population structure provide baseline information 
for maintaining productive fisheries, sustainable harvesting (Park and Moran, 1994; Thorrold 
et al., 2002), and conservation (McNeely et al., 1990). Furthermore, assessments of genetic 
variation and structure can be useful for the evaluation of ongoing evolutionary processes 
and historical factors (Sloan et al., 2008). While methods to study the taxonomy, biology, 
biochemistry, and aquaculture are well developed for F. penicillatus (Chen et al., 1997; Chai, 
2001; Kamal et al., 2015), more genetic information is needed for the species.

Mitochondria are the major energy producers in eukaryotic cells and have coexisted 
and coevolved over millions of years with eukaryotic nuclear DNA (Blier et al., 2001; Dyall et 
al., 2004). Molecular markers, including protein, nuclear, and mitochondrial DNA (mtDNA) 
markers, are employed to assess genetic diversity and population structure in freshwater and 
marine species (Englbrecht et al., 2000; Whitehead et al., 2003). mtDNA is of great interest to 
population geneticists for the study of phylogeographic structure and historical demography 
due to its unique features, including maternal inheritance, absence of recombination, and 
faster mutation rate compared to nuclear genome markers (Francalacci et al., 1996). The use 
of mtDNA is a classic and cost-efficient way to study populations and biodiversity. Because 
evolutionary rates are highly variable within the mitochondrial genome, the use of multiple 
genetic markers will enhance the power of genetic studies, in contrast to the use of a single 
genetic marker (Gruenthal et al., 2007).

In this study, we analyzed the sequences of control region (CR) and of 16s rRNA 
genes in mtDNA from F. penicillatus in order to obtain a more complete picture of the genetic 
diversity and population structure of this species. CR is located in the noncoding region of 
the mitochondrial genome and evolves at a higher rate than cytochrome b and cytochrome 
oxidase I (COI), which possess the highest evolutionary rates within the coding region. Thus, 
CR is utilized in evolutionary analyses due to its high variability in hypervariable segments. 
16s rRNA genes are much less diverse; however, an important aspect of rRNA genes is their 
secondary structures, which are moderately well conserved among distantly related taxa 
(Caetano-Anollés, 2002). The 16s rRNA gene has been widely used to explore the phylogenetic 
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relationships in marine species at varying taxonomic levels (Li et al., 2008). Therefore, CR 
and 16S rRNA genes have great potential for the inference of genetic diversity and population 
structure in F. penicillatus.

Francisco and Galetti (2005) used mtDNA 16s rRNA and COI regions to evaluate 
the genetic relationship between five brood stocks of the white marine shrimp Litopenaeus 
vannamei. Quan et al. (2004) also used COI and 16s rRNA genes to examine the phylogenetic 
relationships between 12 Penaeid shrimp species. Many other genetic studies have used 
mtDNA to identify the genetic diversity and population structure in shrimp species (Duda and 
Palumbi, 1999; McMillen-Jackson and Bert, 2004; Croos and Pálsson, 2010); however, no 
studies on mtDNA variation in F. penicillatus have been reported. The present study aimed to 
analyze the genetic diversity and population structure of 12 wild F. penicillatus populations 
along the southeast coast of China using mtDNA CR and 16s rRNA segments. The results 
will provide baseline genetic information on the species, which is essential for its future 
conservation and sustainable management.

MATERIAL AND METHODS

Sample collection

Wild samples from 12 F. penicillatus populations distributed along the Southeast coast 
of China were collected between 2006 and 2011 when fresh and mature. Samples were kept on 
ice and then transferred to a -20ºC freezer until use. Around 6-9 samples from each population 
were analyzed (except for two individuals from the Shenzheng population for the CR gene). 
The location and time of collection are shown in Table 1 and Figure 1.

Table 1. Sampling sites and sampling dates for Fenneropenaeus penicillatus populations in this study.

Population Abbreviation Latitude/longitude Date 
Ningde ND 26°38'15'' N, 119°35'49'' E 2007-10-20 
Lianjiang LJ 26°10'39'' N, 119°37'18'' E 2007-09-08 
Putian PT 25°24'30'' N, 119°06'49'' E 2006-11-20 
Quanzhou QZ 24°50'47'' N, 118°37'09'' E 2007-11-15 
Xiamen XM 24°24'07'' N, 118°08'49'' E 2007-10-29 
Zhangpu ZP 24°00'22'' N, 117°43'06'' E 2007-09-28 
Dongshan DS 23°44'06'' N, 117°16'44'' E 2007-05-06 
Nanao NA 23°24'00'' N, 117°01'34'' E 2007-05-25 
Shenzheng SZ 22°27'05'' N, 114°13'49'' E 2007-09-08 
Hainan 
Zhanjiang 
Beihai 

HN 
ZJ 
BH 

18°59'03'' N, 110°50'27'' E 
21°05'50'' N, 110°44'31'' E 
21°21'00'' N, 109°07'18'' E 

2011-12-13 
2011-10-12 
2011-10-15 

 
DNA extraction and sequencing

Genomic DNA was extracted using gene DNA extraction kit SK 1252 (Sangon Biotech., 
Shanghai Co., Ltd., Shanghai) according to the manufacturer instructions. DNA yield was 
estimated followed by electrophoresis on 1% agarose gel and ultraviolet spectrophotometry.

The optimal amplification conditions were as follows: 10X Taq polymerase buffer 
with MgCl2, 1.25 U Taq DNA polymerase (Promega Inc., USA), 100 ng template DNA, 12.5 
μmol forward primer, 12.5 μmol reverse primer, 12.5 mM dNTPs in a total reaction volume of 
50 µL. Primers 16s rRNA-F: 5'-CGCCTGTTTAACAAAAACAT-3' and 16s rRNA-R: 5'-CCG
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GTCTGAACTCAGATCATGT-3' and primers CR-F: 5'-AAGAACCAGCTAGGATAAAAC
TTT-3' and CR-R: 5'-GATCAAAGAACATTCTTTAACTAC-3' were used to amplify 16s 
rRNA and CR genes, respectively. The amplification reaction was performed with an initial 
2 min denaturation at 94°C, followed by 35 cycles of 45 s at 94°C, 45 s at 50°C, and 1 min 
at 72°C, followed by a final extension for 10 min at 72°C for the 16s rRNA gene. The ampli-
fication reaction was performed with an initial 3-min denaturation at 94°C, followed by 35 
cycles of 15 s at 94°C, 20 s at 48.8°C, and 40 s at 72°C, followed by a 5-min final extension 
at 72°C for the CR gene. PCR products were sent to Invitrogen Co. (Shanghai, China) for 
sequencing.

Figure 1. Sampling sites of 12 Fenneropenaeus penicillatus populations. ND: Ningde; LJ: Lianjiang; PT: Putian; 
QZ: Quanzhou; XM: Xiamen; ZP: Zhangpu; DS: Dongshan; NA: Nanao; SZ: Shenzhena; HN: Hainan; ZJ: 
Zhanjiang; BH: Beihai.

Data analysis

Sequences were edited and aligned using DNAMAN 6.0 (Lynnon Biosoft) and then 
manually adjusted to minimize mismatches. Nucleotide composition and variable sites were 
analyzed using BioEdit 7.0. Haplotype diversity (HD), average number of nucleotide differences 
(k), and mean sequence diversity (π) were calculated using DnaSP 5.10 (Rozas et al., 2003). 
Arliquin 3.5 was used to analyze the number of mutations and genetic diversity (Excoffier and 
Lischer, 2010). Genetic distance among all individuals was calculated in MEGA 4.0 (Tamura 
et al., 2007). Hierarchical analysis of molecular variance (AMOVA) was performed to reveal 
the structure of genetic variation within and among populations. Network 4.6 (Rohl, 2003) 
was used to illustrate haplotype networks to determine phylogenetic relationships.
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RESULTS

Genetic diversity

PCR fragments 532 and 583 bp long were sequenced to identify 16s rRNA and CR 
gene segments, respectively. The average base composition of the 16s rRNA gene was: T = 
33.6, C = 13.1, A = 33.7, G = 19.6%, and for the CR gene it was T = 42.6, C = 11.2, A = 39.1, 
G = 7.1%. The GC content of the 16s rRNA gene (32.7%) was higher than that of the CR 
gene (18.3%). The base composition was very similar among 12 populations for 16s rRNA; 
however, the HN population was found to possess a slightly different base composition from 
the other 11 populations for the CR gene.

Among the 85 16s rRNA sequences, there were 16 mutation sites, making up 3.0% 
of the total 532 sites analyzed. These 16 polymorphic sites included nine singleton variable 
sites and seven parsimony-informative sites. No insertions or deletions were observed in the 
examined sequences. Fourteen haplotypes were identified in the 85 samples. The number of 
haplotypes ranged from 1 to 5 for each population. The polymorphic sites ranged from 0 to 6 
for each population. The average number of k was lowest in the HN and ZP populations (0) 
and highest in the DS population (2.476). HD and π in 12 populations ranged from 0 to 0.810 
and from 0 to 0.00466, respectively (Table 2).

Table 2. Genetic diversity of the mtDNA 16s rRNA gene fragment in 12 Fenneropenaeus penicillatus populations.

Underlined populations showed high genetic diversity and bold populations showed low genetic diversity. HD: 
haplotype diversity; k: nucleotide differences; π: sequence diversity.

Population Samples Haplotypes HD Polymorphic sites k  
BH 8 5 0.786 4 1.000 0.00188 
DS 7 4 0.810 6 2.476 0.00466 
HN 6 1 0.000 0 0.000 0.00000 
LJ 7 2 0.286 1 0.286 0.00054 
NA 6 2 0.333 1 0.333 0.00063 
ND 9 2 0.222 1 0.222 0.00042 
PT 6 4 0.800 6 2.000 0.00376 
QZ 7 2 0.286 4 1.143 0.00215 
SZ 7 3 0.667 5 1.619 0.00304 
XM 6 2 0.533 4 2.133 0.00401 
ZJ 8 3 0.464 2 0.500 0.00094 
ZP 8 1 0.000 0 0.000 0.00000 
Total 85 16 0.530 16 1.400 0.00264 

 

Among the 83 CR sequences, there were 184 mutation sites, making up 31.5% of 
the total 583 sites analyzed. These 184 polymorphic sites included 56 singleton variable 
sites and 128 parsimony-informative sites. No insertions or deletions were observed in the 
examined sequences. Seventy-nine haplotypes were identified in the 83 samples. The number 
of haplotypes ranged from 2 to 9 for each population. The polymorphic sites ranged from 10 to 
113 for each population. The average number of k was lowest in HN (8.036) and was highest 
in ZP population (54.900). HD and π in the 12 populations ranged from 0.964 to 1.000 and 
from 0.01378 to 0.09245, respectively (Table 3).
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Population structure

Analysis of 16s rRNA by AMOVA showed that 65.74% of the genetic variation occurred 
within populations, whereas 34.26% of the genetic variation occurred among populations. The 
average FST value was 0.34264 (P = 0), suggesting significant genetic variation among these 
12 populations. Pairwise genetic differentiation (FST) showed that genetic differentiation was 
low and statistically insignificant except for the comparison between HN and the other 11 
populations (FST ranged from 0.55368 to 1.0000; P < 0.05) (Table 4). High levels of genetic 
differentiation were found between HN and all other populations. The results also showed that 
the genetic distance ranged from 0 to 0.009 among the 12 wild F. penicillatus populations. A 
large genetic distance was also found between the HN population and the other 11 populations 
(P ≥ 0.004) (Table 4).

Table 3. Genetic diversity of the mtDNA CR gene fragment in 12 Fenneropenaeus penicillatus populations.

Population Samples Haplotypes HD Polymorphic sites k  
BH 7 7 1.000 38 13.619 0.02344 
DS 7 7 1.000 113 39.286 0.06762 
HN 8 7 0.964 24 8.036 0.01378 
LJ 7 7 1.000 51 19.238 0.03311 
NA 9 9 1.000 48 16.250 0.02802 
ND 9 9 1.000 42 13.556 0.02329 
PT 6 6 1.000 97 35.333 0.06071 
QZ 8 8 1.000 113 53.714 0.09245 
SZ 2 2 1.000 10 10.000 0.01718 
XM 6 6 1.000 102 40.133 0.06908 
ZJ 9 9 1.000 47 12.944 0.02228 
ZP 5 5 1.000 96 54.900 0.09433 
Total 83 79 0.999 184 36.065 0.06283 

 Underlined populations showed high genetic diversity and bold populations showed low genetic diversity.

Table 4. Genetic differentiation index from 16s rRNA (below diagonal) and CR regions (above diagonal).

 BH DS HN LJ NA ND PT QZ SZ XM ZJ ZP 
BH - 0.0200 0.8656* 0.0319 0 0.0095 0.0486 0.1900 0 0.0527 0 0.2837* 
DS 0.1027 - 0.6729* 0 0 0.0237 0 0 0 0 0.0279 0 
HN 0.8721* 0.5537* - 0.8205* 0.8300* 0.8544* 0.6992* 0.4406 0.8989 0.6640* 0.8512 0.4605* 
LJ 0 0.0894 0.9625* - 0 0.0255 0 0.1274 0 0 0 0.1718* 
NA 0 0.0875 0.9600* 0.0020 - 0.0128 0.0475 0.1670 0 0.0166 0 0.2397* 
ND 0.0058 0.1379 0.9358* 0 0 - 0.0108 0.1947* 0 0.0488 0.0467 0.3053* 
PT 0.0157 0 0.7273* 0.0205 0 0.0427 - 0 0 0 0.0634 0.0195 
QZ 0.0013 0 0.8203* 0 0 0.0157 0 - 0 0 0.2095* 0 
SZ 0.0400 0 0.7656* 0.0476 0.0290 0.0666 0 0 - 0 0.0198 0.0597 
XM 0.1656 0 0.6000* 0.2052 0.1778 0.2248 0 0 0 - 0.0510* 0 
ZJ 0 0.1208 0.9319* 0 0 0.0009 0.0292 0.0077 0.0543 0.2045 - 0.2801* 
ZP 0 0.1455* 1* 0.0204 0.0514 0.0141 0.0514 0.0204 0.07800 0.2615 0 - 

 *Indicates P value lower than 0.05. Numbers in bold represent signicantly high genetic differentiation between the 
two populations.

Analysis of CR by AMOVA showed that 69.70% of the genetic variation occurred 
within populations, whereas 30.30% of the genetic variation occurred among populations. The 
average FST value was 0.30296 (P = 0), suggesting significant genetic variation among these 
12 populations. Pairwise genetic differentiation (FST) revealed similar results as found for 16s 
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rRNA. The genetic differentiation was significant between HN populations and all other 11 
populations except for the QZ and SZ populations (Table 5). In addition, the genetic distance 
was 0.019-0.171 among 12 wild F. penicillatus populations. Large genetic distance was found 
between the HN population and the other 11 populations (0.107-0.171) (Table 5).

Table 5. Genetic distances between Fenneropenaeus penicillatus populations obtained from 16s rRNA (below 
diagonal) and CR regions (above diagonal).

Numbers in bold represent high genetic distance between the populations.

 BH DS HN LJ NA ND PT QZ SZ XM ZJ ZP 
BH - 0.051 0.171 0.029 0.026 0.023 0.048 0.083 0.019 0.054 0.022 0.090 
DS 0.004 - 0.150 0.054 0.053 0.051 0.068 0.090 0.047 0.072 0.051 0.095 
HN 0.009 0.006 - 0.166 0.171 0.169 0.143 0.115 0.166 0.141 0.167 0.107 
LJ 0.001 0.003 0.008 - 0.031 0.030 0.053 0.085 0.026 0.056 0.028 0.087 
NA 0.001 0.003 0.008 0.001 - 0.028 0.053 0.085 0.024 0.056 0.027 0.089 
ND 0.001 0.003 0.008 0.000 0.001 - 0.048 0.083 0.019 0.053 0.025 0.090 
PT 0.003 0.004 0.007 0.002 0.002 0.002 - 0.088 0.044 0.068 0.049 0.093 
QZ 0.002 0.003 0.007 0.001 0.001 0.001 0.003 - 0.080 0.091 0.083 0.100 
SZ 0.003 0.004 0.007 0.002 0.002 0.002 0.003 0.002 - 0.050 0.020 0.085 
XM 0.003 0.004 0.005 0.003 0.003 0.003 0.004 0.003 0.003 - 0.053 0.092 
ZJ 0.001 0.003 0.008 0.001 0.001 0.001 0.002 0.002 0.002 0.003 - 0.087 
ZP 0.001 0.003 0.008 0.000 0.000 0.000 0.002 0.001 0.002 0.003 0.000 - 

 

Test of neutrality

Based on the analysis of the 16s rRNA gene, Tajima’s D values in the BH and PT 
populations were found to be negative and significant. Furthermore, Fu’s Fs values in the BH 
and ND populations were negative and significant (Table 6). Based on the analysis of the CR 
gene, Tajima’s D values and Fu’s Fs values were all nonsignificant, and were mostly negative 
(Table 6).

Network analyses

The network showed by the 16s rRNA gene was star-shaped and showed one central 

Table 6. Tajima’s D test and Fu’s Fs test based on 16s rRNA and CR variation in 12 Fenneropenaeus penicillatus 
populations.

 Tajima’s D (16s rRNA) Fs (16s rRNA) Tajima’s D (CR) Fs (CR) 
BH -1.53470* -2.80014* -0.83039 -0.89281 
DS 0.05645 -0.87132 -0.89194 0.50297 
HN 0.0000 0.00000 -0.69292 -0.88172 
LJ -1.00623 -0.09474 -0.34764 -0.30459 
NA -0.93302 -0.00275 -0.39467 -1.37963 
ND -1.08823 -1.08110* -0.56503 -1.79628 
PT -1.36732* -0.49899 -0.97336 0.79524 
QZ -1.43414 2.04698 1.24808 0.46822 
SZ -1.02379 0.90397 0.00000 2.30259 
XM 1.18059 3.14583 -0.55087 0.93247 
ZJ -1.31009 -0.99899 -1.10300 -1.76553 
ZP 0.00000 0.00000 1.31412 1.68498 
Mean -0.70504 -0.02094 -0.31558 -0.02784 
Total -1.60501* -9.11621* -0.01539 -24.13114* 
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haplotype (H_1), which was the most common haplotype. Haplotype H_6 was from the HN 
population and was the most distant to the common haplotype (Figure 2).

Figure 2. Network of phylogenetic relationships among 16 haplotypes in Fenneropenaeus penicillatus.

DISCUSSION

Analysis of the 16s rRNA gene showed that the HN and ZP populations have the 
lowest haplotype and nucleotide diversity (HD = 0; π = 0). LJ, NA, and ND populations also 
have low haplotype and nucleotide diversity (HD = 0.5; π% < 0.1) compared with the other 
populations. Analysis of the CR gene showed that all populations have high haplotype and 
nucleotide diversity. However, the HN population had the lowest nucleotide diversity among 
the 12 populations studied. Nucleotide diversity can be used to indicate the genetic diversity of 
a population (Nei and Li, 1979). The difference in genetic diversity detected using 16s rRNA 
and CR was due to the CR gene having a much higher mutation rate than the 16s rRNA gene. 
Based on the results obtained by 16s rRNA and CR analysis, the HN population was found to 
have the lowest genetic diversity, whereas BH, DS, XM, and PT populations have the highest 
genetic diversity. Genetic diversity provides insight into historical demography, population 
structure, and future conservation strategies, is influenced by many factors including historical 
factors, anthropogenic activity, and habitation (Avise, 2004; Grant et al., 2006), and is 
used to evaluate the ability of populations to cope with environmental changes. Therefore, 
attention should be given to populations with lower genetic diversity (NH and ZP), which 
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need special conservation management. The high genetic diversity found for the XM and PT 
populations was consistent with results showing the genetic diversity of F. penicillatus using 
the amplified fragment length polymorphism method (Zhang et al., 2012). Overall, the genetic 
diversity identified using the 16s rRNA gene was lower than that identified in the pink shrimp 
Farfantepenaeus duorarum, in which one fragment of mtDNA was used. However, genetic 
diversity within the CR was higher than that in the pink shrimp F. duorarum (McMillen-
Jackson and Bert, 2004). This could be due to the different regions of mtDNA used.

The central-marginal hypothesis states that the genetic diversity of populations 
usually decreases from the center of a geographical range towards the periphery (Eckert et al., 
2008). This could mean that XM and PT are at the center of the F. penicillatus populations, 
which are located along the southeast coast of China. However, only HN was on the edge of 
the geographical range of southeast F. penicillatus populations among those with the lowest 
genetic diversity (HN, ZP and SZ). ZP population is geographically in the middle of all 
sampled areas. Therefore, reasons other than the central-marginal hypothesis are important in 
shaping the population diversity along the southeast coast of China. The most likely factors 
are human activity, including overexploitation, marine pollution, and aquaculture. In addition, 
it is possible that the central-marginal hypothesis is better applied to terrestrial species than to 
marine species.

The results of Tajima’s D test and Fu’s Fs test for16s rRNA suggested that the BH, PT, 
and ND populations may have experienced a recent population expansion. This is consistent 
with the star-shape haplotype network generated by the 16s rRNA gene, which is a typical 
signature of recent population expansion following a population bottleneck (Avise, 2004). 
Large population size due to population expansion may account for the high genetic diversity 
observed in the BH and PT populations. However, the genetic diversity of the ND population, 
which may have experienced a recent population expansion, was still low. This could be due 
to the fact that the size of the ND population is still recovering from a genetic bottleneck.

Based on the genetic structure results obtained from the 16s rRNA and CR analyses, 
the genetic differentiation among 12 wild F. penicillatus populations was found to be high. 
However, the high genetic differentiation is mainly caused by the high genetic differentiation 
between HN and the other 11 populations. The genetic differentiation among 11 populations 
(except the HN population) obtained by 16s RNA gene analyses was similar to that observed 
among five Litopenaeus vannamei brood stocks obtained by the COI gene fragment (Francisco 
and Galetti, 2005). The genetic differentiation obtained from 16s rRNA analysis between 
HN and the 11 other populations was slightly lower than that between L. vannamei and F. 
subtilis obtained from the COI gene fragment (Francisco and Galetti, 2005). The large genetic 
differentiation between the HN population and the other 11 populations was consistent with 
the geographic distribution of HN, which is found on an island about 200 km away from 
mainland China. Although the distance between HN and mainland populations is not very 
far, the dispersal characteristics of F. penicillatus and the ocean currents may contribute to 
the isolation of the HN population. Adults spawn offshore, pelagic larvae migrate inshore, 
and juveniles spend months in mangroves and estuaries before migrating offshore (Dall et al., 
1990). Restricted gene flow between HN and the other 11 populations may account for its very 
low genetic diversity. However, Hobbs et al. (2013) suggested that isolated marine species, 
unlike isolated terrestrial species, maintain a large population size in order to compensate 
for the effect of genetic drift and to maintain high genetic diversity. Thus, the small size of 
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the HN population is probably the key reason for its low genetic diversity. Low levels of 
genetic diversity may be accompanied by a higher risk of extinction for wild stocks and higher 
susceptibility to emerging pathogens for shrimp aquaculture (Cao et al., 2012). The main 
reasons for the small size of the HN population are probably overexploitation and habitat 
environmental changes.

In conclusion, the genetic structure results obtained in the present study were 
consistent using both 16s rRNA and CR genes in mtDNA. However, the genetic diversity 
results obtained were different. The CR gene revealed a high level of genetic diversity in all 
12 wild F. penicillatus populations due to the high mutation rate of this gene. However, results 
for both 16s rRNA and CR showed that the HN population has very low genetic diversity 
compared to the other populations studied.
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