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from 8 to 34. The average observed and expected heterozy-
gosities were 0.787 (±0.144 SD, range 0.250–0.935) and 
0.909 (±0.122 SD, range 0.381–0.965), respectively. No 
significant linkage was detected. Eight loci showed devia-
tions from Hardy–Weinberg equilibrium, and from these, 
four loci showed moderate null allele frequencies (0.104–
0.220). The probability of individual identity for the new 
loci was 1.46−62. Genotyping error rates averaged 9.58%. 
The new markers will be useful to investigate patterns 
of larval dispersal, metapopulation dynamics, fine-scale 
genetic structure and diversity aimed to inform the imple-
mentation of spatially explicit fisheries management strate-
gies in the Gulf of California.

Keywords Population genetics · Gulf of California · 
Marine connectivity · Pyrosequencing · Microsatellites · 
Lutjanidae

Introduction

The Pacific red snapper (Lutjanus peru, Nichols and Mur-
phy, 1922) is an economically important marine fish for 
artisanal fishers in the west coast of Mexico [1, 2]. Pacific 
red snapper is a demersal species abundant near the coast in 
waters <90 m deep, associated to rock and coral reefs, and 
distributed from California US to Peru [3]. In 2010, 4578 
tons of L. peru were landed in the western coast of Mexico, 
from which about half (2209 tons) originated from the Gulf 
of California [4]. The fishery is considered at its maximum 
levels of sustainable exploitation [4].

The elucidation of metapopulation dynamics via larval 
dispersal driven by variable oceanographic currents among 
localities and seasons are critical for the implementa-
tion of spatially explicit management strategies including 
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thesized and genotyped in an ABI PRISM 3730XL DNA 
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individuals to estimate genotyping error rates. Eighteen 
loci failed to amplify, 16 loci were discarded due to unspe-
cific amplifications and 32 loci (14 tetranucleotide and 18 
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marine reserves [5]. In recent years molecular data has 
been increasingly used to guide marine spatial planning 
taking into account levels of genetic diversity and structure 
within species and used as a proxy to estimate the strength 
and direction of connectivity among populations, including 
self-recruitment [6]. Despite of the fishery importance of 
L. peru few genetic resources are currently available for the 
species [3, 7].

Recent advances in next generation sequencing have ren-
dered the discovery of novel microsatellite loci that due to 
their higher mutation rates are effective tools for studying 
demographic connectivity and detect geographic structure 
in marine fishes [8]. Here, we report the first 32 microsatel-
lite loci isolated de-novo for L. peru.

Materials and methods

Sampling, genomic DNA extraction, and primer design

We used one fin clip from L. peru to extract genomic DNA 
with the DNeasy Blood and Tissue Kit (QIAGEN). Five 
micrograms of genomic DNA were treated with RNAse 
and used to construct a shotgun genomic library that was 
sequenced at the University of Arizona Genetics Core 
(UAGC) using the Titanium XL + 454 pyrosequencing 
chemistry (Roche Applied Science). After eliminating the 
barcode used to identify the library and applying custom 
sequence quality criteria (Q ≥ 20 over a 10  bp window), 
we obtained 44.78  Mb of sequence distributed in 82,276 
individual reads with an average length of 534 bp. We used 
the software iQDD [9] to search for perfect di, tri and tetra 
nucleotide microsatellite loci with at least ten repeats. We 
obtained 539 loci that meet our criteria and for which prim-
ers were designed. To allow fluorescent labeling, the uni-
versal M13 primer was added at the 5′ end of all forward 
primers [10].

PCR conditions and primers selection

We sampled 32 individuals collected in 2015 near San 
Diego Island (Cabeza de San Diego) located in the south-
west Gulf of California (25.18912472 N, 110.7100591 W) 
with the help of small-scale fishers under permit issued by 
Comisión Nacional de Pesca # 103053993271-5. Samples 
were stored in 95% ethanol and kept at −20 °C in the labo-
ratory. Genomic DNA was extracted as described above. 
For the validation of designed primers, 66 primer pairs 
were synthesized and tested initially (34 tetranucleotides 
and 32 dinucleotides) in seven individual samples. PCRs 
were conducted in 15 μl volumes with 20–40 ng genomic 
DNA, 1× PCR buffer, 0.2 mM each dNTP, 1.5 mM  MgCl2, 
0.5 U Taq DNA polymerase (Invitrogen), 0.2  µM of the 

fluorescently labeled M13 primer, 0.02  µM of the unla-
beled M13-tailed forward primer, and 0.2 µM of the reverse 
primer. We used a PCR touchdown protocol consisting of 
94 °C for 5 min, 15 cycles of 94 °C for 30 s, 65–50 °C for 
30 s (1 °C decrease each cycle), 72 °C for 30 s, followed by 
40 cycles at 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, 
and a final extension of 72 °C for 5 min. PCR products were 
visualized for amplification in 1.5% agarose gels.

From the 66 tested primers pairs, 48 showed successful 
amplification and were genotyped in 32 individual samples 
in an ABI PRISM 3730XL DNA sequencer (Applied Bio-
systems) using  GeneScanTM 500  LIZTM as size standard at 
the UAGC. Sixteen loci were discarded due to the presence 
of multiple, unspecific amplifications, while the other 32 
loci (14 tetranucleotide and 18 dinucleotide) were success-
fully scored. To test the reproducibility of the microsatellite 
loci and the observed genotypes, a subset of 16 samples for 
16 loci were amplified a second time as described above 
and analyzed in order to determine the genotyping error 
rates (see below).

Data analysis

Raw allele sizes were scored with the software Peak Scan-
ner V.2 (Applied Biosystems) and binned using FLEXI-
BIN [11]. Number of alleles (Na), Observed (Ho) and 
expected (He) heterozygosity, the inbreeding coefficient 
 FIS [12], linkage disequilibrium and deviation from the 
Hardy–Weinberg equilibrium (HWE) were evaluated by 
locus using GENEPOP 4.5.1 [13] with 10,000 dememori-
zation steps, 1000 batches and 10,000 iterations. A Fisher’s 
exact test was applied with sequential Bonferroni correc-
tion (α = 0.05) [14]. Null allele frequencies (NaF) and scor-
ing errors caused by stutter peaks or large allele dropout 
were calculated with Micro-Checker [15]. GENALEX 6.5 
[16] was used to calculate the probability of individual 
identity for the 32 loci described. Genotyping error rates 
were estimated for 16 microsatellite loci by comparing gen-
otypes between PCR repetitions. Mean error rate per locus 
was estimated according to [17], using 16 individual sam-
ples per locus, and in total 256 genotypes were analyzed a 
second time for this purpose.

Results and discussion

The 32 loci that were successfully amplified and geno-
typed in L. peru were polymorphic (Table 1). Sequences 
were deposited in GenBank under accession num-
bers KU951491-KU951522. The average number of 
alleles per locus was 21 (±6.87, SD) and ranged from 
8 to 34. The average Ho was 0.787 (±0.144 SD, range 
0.250–0.935) and He was 0.909 (±0.122 SD, range 
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0.381–0.965). Average inbreeding coefficient  (FIS) 
value was 0.139 (±0.103 SD) and ranged from 0.031 
to 0.348 (Table  1). All loci pairs were tested for link-
age disequilibrium, but no significant patterns were 
detected. Fisher’s exact tests revealed that 8 out of 32 
loci exhibited significant deviations from HWE (P < 0.05, 
Table 1). Micro-Checker detected the probable presence 
of null alleles at low frequency in 14 microsatellite loci 
(≤ 0.091, Table  1). Four microsatellite loci that devi-
ated from HWE (Lupe03, Lupe19, Lupe38, and Lupe53) 
showed moderate null allele frequencies (0.104–0.220, 
Table  1). Selection, incomplete sampling, mating sys-
tem effects or fluctuations in population size may also 
explain deviations from HWE [18]. Genotyping error 
rates ranged from 0 to <13% in most of the 16 loci reana-
lyzed (average 9.58%), while only four loci (Lupe01, 
Lupe28, Lupe33 and Lupe62) showed error rates between 
20 and 25% (Table 1). Allelic dropout caused genotyping 
errors in these loci where true heterozygous individuals 
were scored as homozygous in the second run of analy-
ses due to the failure to detect the amplification of one 
of the alleles in some samples. Error rate in these four 
loci may underestimate the population diversity in L. 
peru. Nevertheless, a few loci were extremely polymor-
phic (e.g. Lupe01 and Lupe44) and showed 32 alleles in 
32 genotyped individuals, suggesting that genotyping a 
larger number of individuals would improve the estimates 
of allelic frequencies. The probability that two individu-
als will randomly show an identical genotype at the 32 
loci was extremely low (1.46−62). The microsatellite loci 
developed for L. peru will be useful for on-going research 
to investigate patterns of larval dispersal, metapopula-
tion dynamics, fine-scale genetic structure and diversity 
aimed to inform the implementation of spatially explicit 
fisheries management strategies in the Gulf of California.
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