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Abstract:  
 
Prevalence of the protozoan Perkinsus spp. in the gills of the pleasure oyster Crassostrea corteziensis 
from two estuaries in Nayarit, Mexico, was measured. The protozoan was identified by PCR 
amplification of the internal transcribed spacer (ITS) region of the rDNA of Perkinsus spp. The 
pathogen was found in 92% of oysters from Boca de Camichín and 77% of oysters from Pozo Chino. 
ITS sequences characterized from C. corteziensis showed 96–100% similarity to Perkinsus marinus. 
The most frequent ITS sequence (GenBank JQ266236) had 100% identity with the ITS locus of 
P. marinus from New Jersey, Maryland, South Carolina and Texas, and the second most frequent 
observed sequence (GenBank JQ266240) was 100% identical to ITS sequences of P. marinus from 
New Jersey, South Carolina, Louisiana, and Bahía Kino, Sonora, Mexico. The 14 sequences from the 
non-transcribed spacer (NTS) showed 98% similarity to P. marinus from Texas. The most frequent 
polymorphism identified was at nucleotide 446 of the ITS region; however, the NTS showed the 
highest nucleotide diversity, thereby suggesting that this region is suitable for genotype identification. 
Moreover, the most conserved ITS marker is better for species-specific diagnosis. Both the ITS and 
NTS sequences of P. marinus obtained from C. corteziensis were grouped in two clades, identifying 
two allelic variants of P. marinus.  
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Introduction40 

41 

Perkinsosis is a shellfish disease caused by protozoans of the genus Perkinsus, of which there are seven 42 

species. In North America, two species have been reported. Perkinsus marinus, which occurs along the 43 

Atlantic Coast from Maine, USA (Reece et al., 2001; Pecher et al., 2008) to Tabasco, in the Gulf of 44 

Mexico (Burreson et al., 1994; Gullian-Klanian et al., 2008) and on the west Coast of Mexico and 45 

offshore in Hawaii. P. marinus is a pathogen to oysters (Crassostrea virginica, Crassostrea gigas,46 

Crassostrea ariakiensis, Crassostrea rizhoporae, and Crassostrea corteziensis), as well as several clam 47 

species (OIE, 2012). The other species in North America is Perkinsus chesapeaki, which infects clams 48 

along the east coast of the USA. Co-infection with both protozoans in wild C. virginica has been 49 

identified by molecular methods because the common method of tissue incubation in fluid 50 

thioglycolate medium (FTM) is not species-specific (Reece et al., 2008). P. marinus has been the most 51 

studied pathogen because it impacts oyster populations, causing large die-offs in C. virginica along the 52 

east coast of the USA (Ford, 1996).53 

P. marinus is included in the World Organization for Animal Health (OIE) list of disease 54 

organisms and is the most prevalent of Perkinsus species along the mid-eastern coast of the United 55 

States. However, differences in impact by P. marinus has been variable among C. virginica stocks, 56 

which is associated with: (1) Variations in environmental factors (Oliver et al., 1998), (2) Virulence 57 

among P. marinus genotypes (Bushek and Allen, 1996), and (3) Genetic variability among oyster 58 

stocks, which may lead to differences in resistance to P. marinus (Encomio et al., 2005). 59 

Along the west coast of Mexico, P. marinus was initially detected in 2006 in the native oyster C.60 

corteziensis (Cáceres-Martínez et al., 2008), which naturally grow in mangroves. Captured oyster 61 

seeds in March and April are cultivated in river estuaries in the State of Nayarit, Mexico. P. marinus 62 

was detected in C. gigas cultivated further north in the Gulf of California (Enríquez-Espinoza et al., 63 



2010). Historical data for the Nayarit estuaries indicate maximum prevalence in summer (Cáceres-64 

Martínez et al., 2008). Currently, mass die-offs of C. corteziensis from outbreaks of P. marinus has not 65 

occurred in farmed oysters despite ideal water temperature (30 °C) for proliferation of P. marinus66 

(Gauthier and Vasta, 1995) from June through September 2007, however rainfall associated with 67 

tropical storms cause fluctuations in salinity, from 19 to 31‰ (Cáceres-Martínez et al., 2008). 68 

To date, it is difficult to morphologically differentiate between Perkinsus species; however, 69 

molecular analyses, using rDNA markers, has identified novel Perkinsus species and defined 70 

synonymous species. P. marinus genotypes have been identified by sequencing the internal transcribed 71 

spacer (ITS) region ITS1-5.8S-ITS2 of rDNA flanked by the 18S and 28S genes (Brown et al., 2004). 72 

Multiple copies of the ITS (Goggin, 1994) have revealed multiple polymorphic sites that can be used to 73 

distinguish among P. marinus genotypes (Brown et al., 2004). Based on earlier genetic and phenotypic 74 

(virulence) data for context, the analysis of the ITS1 and ITS2 and seven other loci identified 12 P. 75 

marinus genotypes in C. virginica populations from Massachusetts to Texas. Oysters from New Jersey 76 

to Texas had three predominant genotypes, oysters from Virginia had a unique genotype; and oysters 77 

from Massachusetts to Maryland and North Carolina to Texas had unique genotypes, but also shared 78 

one genotype (Reece et al., 2001). Differences in virulence of P. marinus genotypes ranked the Virginia 79 

genotype as the most virulent, followed by the moderately virulent genotype from New Jersey. The 80 

least virulent were genotypes from Louisiana and Texas (Bushek and Allen, 1996). 81 

Despite the high intraspecific variability in the non-transcribed spacer (NTS) from the rDNA of 82 

P. marinus, a complete sequence has been defined only for the Texas isolate (Robledo et al., 1999). The 83 

partial NTS sequence obtained from C. corteziensis collected from Nayarit show 98% similarity in a 84 

307 bp to P. marinus from Texas. Six polymorphisms were identified (Cáceres-Martínez et al., 2008). 85 

Polymorphism in P. marinus have been attributed to ploidy (Thompson et al., 2011), recombination, 86 

and multi-copies of the NTS and ITS regions. 87 



This study assayed polymorphism in two regions of rDNA of P. marinus detected in Nayarit 88 

oysters to determine P. marinus genetic variability and assess the relationship between P. marinus from 89 

the Pacific and the Atlantic, based on phylogenetic inferences. Molecular characterization of the 90 

parasite in different geographical locations would facilitate a better understanding of the epidemiology 91 

of P. marinus.92 

93 

Materials and Methods94 

95 

In July 2010, 25 adult C. corteziensis (6.06 ± 0.97 cm long) were collected from the Boca de Camichín 96 

estuary and 31 oysters (6.63 ± 1.09 cm) were collected from the Pozo Chino estuary (Fig. 1). A section 97 

of the gill from each oyster was fixed in 90% ethanol and DNA was extracted from 10 mg of this 98 

tissue, using a molecular diagnostic kit (QIAamp DNA, Qiagen, Hilden, Netherlands) according to the 99 

manufacturer’s instructions. DNA quality and concentration were measured at 280 nm, using a UV-Vis 100 

spectrophotometer (Nanodrop 2000, Thermo Scientific, Waltham, MA).  101 

102 

Prevalence of Perkinsus sp.103 

104 

Detection of Perkinsus was performed by PCR targeting a 532 bp of the ITS of Perkinsus sp. The PCR 105 

reactions were carried out in 25 �L containing 5 �L 5× buffer, 2.5 mM MgCl2, 10.5 �g BSA (Promega, 106 

R396E), 0.25 mM dNTP, 0.2 �M primers PerkITS1F (5�-GAG ATG GGA TCY CCG CTT TGT TT-3�)107 

and PerkITS1R (5�-GAA TCG CGT GAT CRA GGA ACA CG-3�), which were described by Park et al. 108 

(2006), 1 U GoTaq Flexi DNA polymerase (Promega, M8295), and 100 ng genomic DNA. Positive 109 

controls consisted of DNA from cultures of P. olseni provided by the European Union Reference 110 



Laboratory for Mollusc Diseases of IFREMER at La Tremblade, France. Amplification was performed 111 

in a Peltier thermal cycler (PTC-100, MJ Research, Waltham, MA) with an initial denaturation step at 112 

95 �C for 4 min followed by 40 cycles (95 �C for 1 min, 65 �C for 1 min, and 72 �C for 1 min), and a 113 

final extension at 72 �C for 5 min. PCR products were electrophoresed in 1.2% agarose gels, stained 114 

with ethidium bromide, and visualized with UV light. 115 

116 

RFLP from Perkinsus ITS117 

118 

The ITS amplicons (10 μL) were digested for 2 h at 37 °C in a final volume of 20 μL of 25 U μL–1119 

RsaI (Abollo et al., 2006) or HinfI (Promega) and 2 μL 10× buffer (Promega). Restriction patterns 120 

were obtained with DNA structural analyzer software (Restriction Mapper 3.0, 121 

http://www.restrictionmapper.org/). Digested products were electrophoresed in 2% agarose gels, and 122 

digestion patterns were compared to P. marinus, P. olseni, and P. chesapeaki (Table 1).123 

124 

NTS amplification125 

126 

The NTS of P. marinus collected from three oysters from Boca de Camichín and two oysters from 127 

Pozo Chino was amplified by PCR, using the following primer set: PKnts-FW (5�-AAG TCC TTA 128 

GGG TGC TGC TGG CT-3�) and PKnts-RV (5�-ACT ACT GGC AGG ATC AAC CAG GT-3�)129 

described by Park et al. (2005). The PCR reaction was carried out in a final volume of 20 μL with the 130 

following components: 10 μL GoTaq Master Mix (Promega), 1 �M of each primer, and 100 ng DNA. 131 

PCR cycling conditions were: initial denaturation at 95 �C for 4 min, 30 cycles at 94 �C for 1 min each, 132 

annealing at 57 �C for 1 min, extension at 70 �C for 1 min; and a final extension at 70 �C for 5 min. 133 



PCR products were electrophoresed in 1.2% agarose gels, stained with ethidium bromide, and 134 

visualized under UV light. 135 

136 

Cloning and sequencing137 

138 

The ITS PCR products obtained from ten oysters from Boca de Camichín and seven oysters from Pozo 139 

Chino were cloned. The NTS PCR products were cloned from three oysters from Boca de Camichín 140 

and two oysters from Pozo Chino. All products were ligated in a cloning vector pCR2.1 Topo TA, 141 

(Invitrogen, Carlsbad, CA) and transformed in chemically competent cells. For each PCR product, ten 142 

clones were verified by colony PCR for insert of PCR products and then cultured in LB medium 143 

containing ampicillin medium for isolating plasmids. Plasmid DNA was extracted with a spin miniprep 144 

kit (QIAprep, Qiagen). At least three clones for each PCR product were bi-directionally sequenced 145 

using universal vector primers, SP6 and T7. Sequencing was performed at the University of Valencia, 146 

Spain. 147 

148 

Sequence analyses149 

150 

The chromatograms were converted from an ABI format to a FASTA format; low quality bases were 151 

trimmed using Phred software (Ewing et al., 1998; Ewing and Green, 1998b). Vector sequences were 152 

trimmed using Seqclean script (http://seqclean.sourceforge.net/) and the UniVec database (NCBI). 153 

Polymorphic sites within the consensus sequences were also visually verified in chromatograms using 154 

4Peaks (Mekentosj). ITS and NTS sequences were aligned using CLUSTAL W software, and 155 

nucleotide diversity was calculated using DnaSP 5 software (Librado and Rozas, 2009). Phylogenetic 156 

distances were calculated with MEGA5 software, using the obtained models Kimura-2-Parameter (K2) 157 



for the ITS and Tamura-3-Parameter (T92) for the NTS (Tamura et al., 2011). The robustness of 158 

neighbor-joining trees was tested with 10,000 bootstrap repetitions, and parsimony tree analyses were 159 

generated using a heuristic search with 1,000 bootstraps. DNA sequences were also subjected to the 160 

BLAST searches (Altschul et al., 1997) to confirm their identity to rDNA markers of Perkinsus. The 161 

listed accession numbers are sequences in the NCBI GenBank. Our nucleotide sequence data were 162 

submitted to the GenBank database under accession numbers: JQ266231 through JQ266264. 163 

164 

Results165 

166 

Prevalence of Perkinsus and RFLP-PCR167 

168 

PCR analysis provided 23 positive results from 25 samples of C. corteziensis (92%) from Boca de 169 

Camichín and 24 of 31 samples from Pozo Chino (77.4%). Digestion of the 47 ITS PCR products with 170 

RsaI yielded fragments of 74 and 195 bp, and digestion with HinfI, resulted in fragments of 161 and 171 

368 bp. These restriction profiles were the same as those observed in P. marinus (Table 1). However, 172 

some ITS products provided differences in the restriction profile that were likely from polymorphisms 173 

at the restriction sites. These clones, as well as clones with equals fragment length, were selected for 174 

sequencing. Digestion with RsaI and HinfI of P. olseni and P. chesapeaki ITS PCR products (used as 175 

the controls), yielded restriction fragments of the expected size (Table 1); the digestion pattern of P. 176 

olseni and P. chesapeaki were not found in C. corteziensis.177 

178 

Polymorphism in the Perkinsus marinus ITS region179 

180 

The PerkITS1 primer set amplified the 532 bp of the ITS region of P. marinus obtained from C. 181 



corteziensis; however, only 485 bp aligned were considered for the analysis. The ITS region included 182 

108 bp of the ITS1, 159 bp of the 5.8S ribosomal subunit, and 218 bp of the ITS2. From Boca de 183 

Camichín oysters, 25 ITS sequences of P. marinus were obtained and 20 ITS sequences from Pozo 184 

Chino oysters. Of the 45 ITS sequences, 20 were different at one or more nucleotide sites, and 185 

polymorphisms were identified at 25 nucleotide sites, including 18 transitions and five transversions 186 

(Table 2). The ITS1 showed only one transversion at the 3rd position, and the ITS2 had four 187 

transversions and nine transitions. No transversions were identified at the 5.8S ribosomal subunit, 188 

thereby confirming that this gene region is more conserved than the spacers. 189 

The most frequent sequences were JQ266236 and JQ266240. The JQ266236 sequence was 190 

obtained from six clones of Pozo Chino oysters and seven clones of Boca de Camichín oysters. The 191 

JQ266240 sequence was obtained from five clones of Pozo Chino oysters and eight clones of Boca de 192 

Camichín oysters. The most frequent (A/C) transversion, which occurred at position 446 (JQ266236 193 

versus JQ266240), was found in three oysters (2C, 3C, and 4C) from Boca de Camichín and two 194 

oysters (6P and 10P) from Pozo Chino (Table 2). 195 

196 

Perkinsus ITS region homology197 

198 

The JQ266236 sequence characterized from C. corteziensis had 100% identity and coverage with the 199 

ITS of P. marinus from South Carolina [SC2-4-8 (AY295197)], New Jersey [NJ3-1-6 (AY295188)], 200 

Maryland [MA2-11-3 (AY295184) and MA1-1-12 (AY295182)], Texas [TXsc (AF497479) and 201 

TCMD-1 (AF150990)], and Wright Island, Maryland [WIMD-2 (AF150989)]. The similarity of the 202 

JQ266236 sequence to P. olseni ITS (GenBank U07701) was 96%. The JQ266240 sequence was 203 

identical to the ITS of P. marinus from Bahía Kino, Sonora, Mexico [Kino0806 (GQ861511)], South 204 

Carolina [SC3-2-8 (AY295199) and SC2-4-7 (AY295196)], New Jersey [NJ3-1-6 (AY295188)], and 205 



Louisiana [LA8-11-1B (AY295178) and UBMD-3 (AF150986)]. The similarity of the GenBank 206 

JQ266240 sequence to P. olseni ITS (U07701) was 95%. 207 

208 

Phylogeny of the ITS of Perkinsus marinus209 

210 

Based on the neighbor-joining analysis, the ITS sequences of P. marinus from C. corteziensis were211 

grouped into two main clades (A and B) with 66% bootstrap support (Fig. 2). Clade A included 13 ITS 212 

sequences from Boca de Camichín oysters and 11 sequences from Pozo Chino oysters, and Clade B 213 

included 12 ITS sequences from Boca de Camichín oysters and 9 sequences from Pozo Chino oysters. 214 

Clade A was grouped with the ITS sequences of P. marinus genotypes from Texas (TXsc), Maryland 215 

(MA and MD), Parsons Island, MD (EBPIC), and Broomes Island, MD (PXBIC). Clade B included 216 

ITS sequences of P. marinus from Bahía Kino, Sonora (Kino0806), North Carolina (NC), and Upper 217 

Bay, MD (UBMD). The ITS sequences of P. marinus from South Carolina (SC), LA, and NJ were 218 

present in both clades. A divergent clade without ITS sequences of P. marinus from Nayarit was 219 

grouped with ITS sequences of P. marinus from Virginia (P1), Mobjack Bay, VA (MBVA); Kedges, 220 

MD (KS), and Upper Hackets, MD (UBHA). An ITS parsimony tree was prepared; however, it was not 221 

reported because the bootstraps values were low supported, as explained by the low nucleotide 222 

substitutions. 223 

Unique sequences of Clade A were obtained from three oysters from Boca de Camichin (30%), 224 

three unique sequences of Clade B (30%), and four oysters with both Clades A and B (40%). From 225 

Pozo Chino, two oysters had unique sequences of Clade A (28.6%), one oyster had a unique sequence 226 

of Clade B (14.3%), and four oysters with both Clades A and B (57.1%) (Fig. 3). Whether the presence 227 

of multiple sequences represents infection by multiple P. marinus clones or sequence variability among 228 

ITS loci within single clone requires further investigation. 229 



230 

NTS polymorphism and homology231 

232 

In total, eight Perkinsus NTS sequences were obtained from Boca de Camichín oysters and six NTS 233 

sequences were obtained from Pozo Chino oysters. 14 different NTS sequences with 1165 bp were 234 

obtained, showing 32 polymorphic sites with 21 transitions and 11 transversions (Table 3). 235 

The 14 NTS sequences showed 98% similarity to P. marinus TXsc, obtained from Texas 236 

(AF497479), with coverage between 97% and 100%. Lower levels of similarity were linked to P. 237 

olseni (AF466527 and AF590333), with 81% similarity and 64% coverage and to P. chesapeaki238 

(AF102171), with 77% similarity and 37% coverage. 239 

240 

NTS phylogeny241 

242 

The identified NTS sequences of P. marinus were grouped into two clades according to neighbor-243 

joining analysis (Fig. 4). Both clades included NTS sequences of P. marinus from Pozo Chino and 244 

Boca de Camichín oysters. Additionally, Clade B included the NTS sequence of P. marinus from 245 

Texas; Clade A consisted only of sequences obtained in our assays. Both P. marinus clades diverged 246 

from P. olseni (GenBank AF466527 and AF509333) and P. chesapeaki (GenBank AF102171). 247 

248 

Nucleotide diversity 249 

250 

251 

Nucleotide diversity for the ITS2-5.8S-ITS1 region was 0.00326 (Fig. 5). However, the nucleotide 252 

diversity inside the ITS region was 0.00161 for ITS1, 0.00222 for 5.8S, and 0.00486 (Table 4) for 253 



ITS2. The nucleotide diversity in the NTS region (0.00968) was higher than the ITS region. 254 

255 

Discussion256 

257 

The increasing spread of diseases in cultivated species is a major concern because economic 258 

productivity is at risk. Global warming is the greatest environmental challenge, where spreading 259 

pathogens have been associated with an increase in ocean temperature (Marcos-López et al., 2010). 260 

Equally important is the globalization of international trade of aquatic animals and products, giving rise 261 

to emerging diseases around the world (Oidtman et al., 2012; Alborali, 2006). P. marinus in Nayarit 262 

(Cáceres-Martínez et al., 2008) is a disease in a new area and in a new species; therefore, the origins of 263 

this protozoan and its virulence must be evaluated, and the intensity and prevalence of infection must 264 

be monitored. 265 

The prevalence of P. marinus in C. corteziensis cultivated in Nayarit estuaries in 2006–7 ranged 266 

from 1–6% (Cáceres-Martínez et al., 2008). For our study area, 5 and 3%, respectively, occurred in 267 

oysters harvested Boca de Camichín and Pozo Chino in March 2008, and 13% in Boca de Camichín 268 

oysters harvested in June 2009 and 10% in Pozo Chino oysters in February 2009 (CESANAY, 2010). 269 

We report P. marinus prevalences of 92 in Boca de Camichín and 77% in Pozo Chino oysters. 270 

However, the diagnostic method and sample size since 2006 have been different.  271 

Furthermore, there is high cultivation density at Boca de Camichín than at Pozo Chino 272 

(CESANAY, 2010), which should also influence infection rates, since transmission occurs at least in 273 

part via oyster feces and increases with oyster density (Ford et al., 2002; Park et al., 2010). 274 

In our study, higher P. marinus prevalences were found in Nayarit in C. corteziensis collected in 275 

July 2010 compared to those detected in 2006 (Cáceres-Martínez et al., 2008) and in Sonora in C. gigas276 

(Enríquez-Espinoza et al., 2010). Detection of Perkinsus in our study was done by PCR, while 277 



detection in 2006 was done by histological examination, which is less sensitive (Navas, et. al., 2007). 278 

Prevalence of P. marinus in July 2010 in Nayarit was similar to those found in the first P. marinus 279 

recorded in C. virginica (60–100%) in coastal Tabasco in the Gulf of Mexico (Burreson et al., 1994) 280 

and in C. virginica (98–100%) from Florida, Virginia, and New York (Oliver et al., 1998). Along the 281 

east coast of the United States, four year-old C. virginica were used to determine the prevalence of the 282 

protozoan in C. virginica (Karolus, 2000), whereas five month-old oysters were used in our study 283 

(oysters seed captured in March and collected in July), indicating that the spread in C. corteziensis284 

farming occurs in young oysters. 285 

In spite of the presence of P. marinus in our samples, no deaths were recorded at oyster farms in 286 

Nayarit. This may be related to the intensity and virulence of Perkinsus and the resistance of C. 287 

corteziensis to infection or C. corteziensis reaching market size in less than 13 months, whereas C.288 

virginica from New York (Oliver et al., 1998) reach harvest size (7.5 cm) when they are three years old. 289 

The rapid growth of C. corteziensis may limit mortality because the intensity of perkinsosis in oysters 290 

and clams increases (Calvo et al., 1996; Villalba et al., 2005) until their second year of growth, when 291 

mortality follows (Park et al., 2010). 292 

The digestion patterns obtained after RFLP-PCR analysis of the ITS region allowed us to 293 

distinguish between P. marinus and the closely related species P. olseni and also to distinguish P. 294 

chesapeaki from the Atlantic (Table 1). While generic primers are commonly used to amplify the ITS 295 

region of most Perkinsus species, RFLP-PCR analysis is a faster diagnostic method that can 296 

discriminate between closely related species according to the digestion pattern. This method will be 297 

used in future studies to increase the identification of possible Perkinsus co-infections, as happens in 298 

bivalves in Chesapeake Bay (Reece et al., 2008). 299 

Based on 12 cultured genotypes obtained along the US east coast, the ITS of P. marinus showed 300 

20 variant sequences at 25 polymorphic sites, compared to earlier reports that identified 12 genotypes 301 



of 27 allelic variants at 14 polymorphism sites (Brown et al., 2004). Our study was based on sequences 302 

obtained from infected oysters from two neighbouring sites; therefore, the higher genetic variation is an 303 

unexpected result that warrants further investigation. Studies in different hosts show genetic variability 304 

in Perkinsus ITS sequences. Even multiple variants have been found in a single clonal culture (Dungan 305 

et al., 2002). 306 

The ITS phylogenetic analysis showed that P. marinus infection of C. corteziensis clusters in 307 

two clades that could be separated by the most frequent transversion, A/T at position 446. This suggests 308 

the existence of two variants in the ITS of P. marinus. Variants A and B were found in oysters at both 309 

sites and presence of both ITS variants were found in tree oysters from Camichín, and two oysters from 310 

Pozo Chino (Table 2). Thompson et al. (2011) explains intraspecific polymorphism by multi-copy 311 

regions and genetic recombination. 312 

Regardless of geographic isolation of genotypes along the east coast of the United States, the 313 

variant A had high similarity to P. marinus from Texas (TXsc) and Maryland (MA, MD, and EBPIC), 314 

and variant B was similar to P. marinus from North Carolina (NC), and Maryland (UBMD). High 315 

similarity of ITS sequences in our study to genotypes along the Atlantic shoreline suggests the possible 316 

introduction of P. marinus by transport of mollusks from the Atlantic to the Pacific, as suggested by 317 

Cáceres-Martínez et al. (2008). 318 

The ITS of P. marinus from Nayarit showed high similarity to isolates classified as genotype 1 319 

in New Jersey and Maryland and genotype 3 from North Carolina, South Carolina, Louisiana, and 320 

Texas (Reece et al., 2001). P. marinus genotypes with virulence were classified as follows: genotype 1 321 

is moderately virulent and genotype 3 is mildly virulent (Bushek and Allen, 1996). Genotype 8 from 322 

Virginia was classified as the most virulent and we grouped it in a divergent clade of P. marinus from 323 

Nayarit. In summary, our results suggest that P. marinus in Nayarit have high similarity to genotypes 324 

with low to moderate virulence. However, the virulence of P. marinus in Nayarit must be evaluated by 325 



challenge infection tests (Reece et al., 2001). 326 

NTS phylogenetic analysis grouped the sequences into two clades, which were similar to those 327 

obtained with the ITS region. The Clade B were grouped with P. marinus from Texas, but Clade A 328 

could not be grouped with reported genotypes because the information about the NTS region genotypes 329 

is limited. Still, both clades diverged from P. olseni.330 

The nucleotide diversity of ITS and NTS markers was similar between P. marinus in both 331 

estuaries, thereby indicating a geographically homogeneous polymorphism. Within the ITS region, 332 

nucleotide diversity showed higher variability for ITS2, followed by 5.8S, and then by ITS1. From an 333 

analysis of 12 P. marinus genotypes from the Atlantic shoreline (Brown et al., 2004), nucleotide 334 

diversity for the 485 bp of the ITS region was higher (0.00712) than in P. marinus types from Nayarit 335 

(0.00326). The interspecies nucleotide diversity of P. marinus (GenBank JQ266231) and P. olseni 336 

(GenBank U07701) was one order of magnitude higher (0.04487). The highest nucleotide diversity in 337 

the NTS suggests that this region can be used for genotype identification and the more conserved ITS 338 

marker is better for species-specific diagnosis. 339 

340 

Conclusions341 

342 

From the phylogenetic analysis of the ITS and NTS regions of the parasite P. marinus collected from 343 

C. corteziensis, we recognized two clades. Both parasite allelic variants were found in oysters from 344 

two estuaries, which indicate a homogeneous distribution. High similarity of P. marinus from Nayarit 345 

to Atlantic genotypes suggests that P. marinus may have been introduced to the Pacific Ocean by 346 

transport of mollusks from the Atlantic Ocean. Based on our ITS analyses, P. marinus from Nayarit 347 

had high similarity to genotypes from Maryland to Texas, but excluded Virginia genotypes. Despite the 348 

presence of P. marinus in Nayarit estuaries, no die-offs of C. corteziensis were recorded, which may be 349 



explained by some combination of intensity levels and virulence of the P. marinus; rapid growth of the 350 

oysters, compared to the Atlantic oysters; and resistance of C. corteziensis to P. marinus. Intensity level 351 

analysis and challenge tests must be carried out to clarify the cause for the resistance of the oysters. 352 

Diseases are sometimes not recognized in regions with important aquaculture or fishery 353 

production because surveillance is inadequate or diagnosis protocols are not properly validated. 354 

Therefore, studies to characterize the variability of molecular markers used as template DNA for 355 

diagnosis is recommended. 356 
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Figure legends 593 

Fig. 1. Collection sites of oysters in the estuaries Boca de Camichín (1) and Pozo Chino (2) in the State 594 

of Nayarit, Mexico. 595 

596 

Fig. 2. Phylogenetic tree of the ITS region of Perkinsus sp. from Boca de Camichín (�) and Pozo 597 

Chino oysters (�). The sequences were analyzed by a neighbor-joining algorithm supported by 10,000 598 

bootstraps based on the Kimura-2-parameter model. Supported probabilities are shown at the nodes. 599 

Clades A and B included P. marinus from the State of Nayarit, Mexico. The number beside the symbol 600 

indicates the total clones of the same sequence. 601 

602 

Fig. 3. Percentage of oyster with different variants of Perkinsus marinus ITS found in Crassostrea 603 

corteziensis oysters in the Boca de Camichín and Pozo Chino estuaries. 604 

605 

Fig. 4. Phylogenetic tree of the NTS region of Perkinsus sp. from Boca de Camichín (�) and Pozo 606 

Chino oysters (�). The sequences were analyzed by neighbor-joining and parsimony algorithms s 607 

based on the Tamura-3-parameter model. Supported probabilities are shown at the nodes, the first 608 

bootstrap value indicates neighbor-joining followed by the parsimony bootstrap value. Perkinsus 609 

marinus from the State of Nayarit, Mexico were grouped into clades A and B. 610 

611 

Fig. 5. Nucleotide diversity (�) of the ITS and NTS of Perkinsus marinus from the State of Nayarit, 612 

Mexico.613 
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Table 1615 

616 
Enzyme P. marinus P. olseni P. chesapeaki

204     259b 195 
  195a 193 166 
    74a  86 103 

RsaI

  56 —   86
368a 367   212bHinfI
161a 171 151

617 
aIdentified fragments used in this study. 618 

619 
bFragments that lead to P. marinus differentiation. 620 

621 



Ta
bl

e 
2

62
2 

62
3 

62
4 

IT
S1

 
5.

8S
 

IT
S2

 
A

cc
es

si
on

 
nu

m
be

r 
3 

6 3
1 0 4

1 1 7

1 3 2

1 4 7

1 6 0

1 7 8

1 9 5

2 4 8

2 7 0

2 7 3

2 7 4

2 7 5

2 7 6

2 7 7

3 0 7

3 1 9

3 2 1

3 3 0

3 8 2

4 3 3

4 4 6

4 4 7

4 7 9

N
o.

 
*

P 
C

 
N

 

JQ
26

62
31

A
A

 
T 

T 
A

 
G

 
A

 
A

 
A

 
A

 
C

 
C

 
- 

C
C

C
 

G
 

- 
C

 
G

 
A

 
T 

T 
C

 
T 

G
 

7P
 

1 
- 

1 
JQ

26
62

32
A

 
 

 
 

 
 

 
G

 
 

 
 

- 
 

 
- 

 
 

 
 

 
 

 
A

 
7P

 
1 

- 
1 

JQ
26

62
33

B
 

 
 

 
 

 
 

 
 

T 
 

- 
 

 
- 

 
 

 
 

 
A

 
 

A
 

5P
 

1 
- 

1 
JQ

26
62

34
A

 
 

 
 

 
 

 
 

 
 

 
- 

 
 

- 
 

 
G

 
 

 
 

 
A

 
2C

 
- 

1 
1 

JQ
26

62
35

B
 

 
 

 
 

 
 

 
G

 
 

 
- 

 
 

- 
 

 
 

 
 

A
 

 
A

 
14

C
 

- 
1 

1 
JQ

26
62

36
A

 
 

 
 

 
 

 
 

 
 

 
- 

 
 

- 
 

 
 

 
 

 
 

A
 

+ 
6 

7 
13

 
JQ

26
62

37
A

 
 

 
 

 
 

 
 

 
 

T 
- 

 
 

D
 

 
 

 
 

 
 

 
A

 
9P

 
1 

- 
1 

JQ
26

62
38

A
 

 
 

 
 

 
 

 
 

 
 

- 
 

 
- 

 
 

 
 

 
 

C
 

A
 

9P
 

1 
- 

1 
JQ

26
62

39
B

 
 

 
 

 
 

 
 

 
 

 
- 

 
 

- 
T 

 
 

 
 

A
 

 
A

 
15

P 
1 

- 
1 

JQ
26

62
40

B
 

 
 

 
 

 
 

 
 

 
 

- 
 

 
- 

 
 

 
 

 
A

 
 

A
 

++
 

5 
8 

13
 

JQ
26

62
41

B
 

C
 

 
 

 
 

 
 

 
 

 
- 

 
 

- 
 

 
 

C
 

 
A

 
 

A
 

11
C

 
- 

1 
1 

JQ
26

62
42

A
 

 
 

 
 

 
G

 
 

 
 

 
- 

 
 

- 
 

 
 

 
 

 
 

A
 

11
C

 
- 

1 
1 

JQ
26

62
43

A
 

 
 

 
 

G
 

 
 

 
 

 
- 

 
 

- 
 

 
 

 
 

 
 

A
 

11
C

 
- 

1 
1 

JQ
26

62
44

B
 

 
 

 
A

 
 

 
 

 
 

 
- 

 
 

- 
 

 
 

 
 

A
 

A
 

6P
, 

17
C

1 
1 

2 

JQ
26

62
45

B
 

 
 

 
 

 
 

 
 

 
 

I 
A

A
A

 
A

 
- 

 
 

 
 

 
A

 
 

A
 

17
C

 
- 

1 
1 

JQ
26

62
46

B
 

 
 

G
 

 
 

 
 

 
 

 
- 

 
 

- 
 

 
 

 
 

A
 

 
A

 
13

P 
1 

- 
1 

JQ
26

62
47

A
C

 
 

 
 

 
 

 
 

 
 

 
- 

 
 

- 
 

A
 

 
 

 
 

 
A

 
13

P 
1 

- 
1 

JQ
26

62
48

A
 

 
 

 
 

 
 

 
 

 
 

- 
 

 
- 

 
 

 
 

C
 

 
 

A
 

12
C

 
- 

1 
1 

JQ
26

62
49

A
C

 
 

 
 

 
 

 
 

 
 

 
- 

 
 

- 
 

 
 

 
 

 
 

A
 

12
C

 
- 

1 
1 

JQ
26

62
50

A
 

 
C

 
 

 
 

 
 

 
 

 
- 

 
 

- 
 

 
 

 
C

 
 

 
A

 
8C

 
- 

1 
1

62
5 

*P
ro

to
zo

an
 id

en
tif

ie
r f

ro
m

 B
oc

a 
de

 C
am

ic
hí

n 
(C

) a
nd

 P
oz

o 
C

hi
no

 (P
). 

Th
e 

nu
m

be
r i

n 
pa

re
nt

he
se

s i
nd

ic
at

es
 th

e 
nu

m
be

r o
f c

lo
ne

s w
ith

 th
e 

62
6 

sa
m

e 
se

qu
en

ce
. 

62
7 

62
8 

+1
C

 (2
), 

2C
 (2

), 
3C

, 4
C

, 5
P 

(2
), 

6P
, 7

P,
 8

C
, 9

P,
 1

0P
. 

62
9 

63
0 

++
2C

, 3
C

 (2
), 

4C
 (2

), 
6P

, 1
0P

, 1
3P

, 1
4C

 (2
), 

15
P 

(2
), 

16
C

. 
63

1 

A
 a

nd
 B

 in
di

ca
te

 th
e 

ph
yl

og
en

et
ic

 v
ar

ia
nt

. 
63

2 



63
3 

63
4 

Ta
bl

e 
3

63
5 

63
6 

63
7 

A
cc

es
si

on
 

nu
m

be
r 

1 6
2 4

2 5
2 9

3 0
3 1

4 5
6 2

6 8
6 9

8 7
8 9

1 0 9

1 1 9

1 2 7

1 3 1

1 4 1

2 3 2

2 8 4

4 2 4

4 4 8

5 3 3

5 4 8

5 7 2

6 0 2

6 7 5

7 0 4

8 0 2

8 1 8

9 3 0

9 3 2

9 7 8

1 0 0 9

1 0 6 6

1 1 3 1

N
o. *

JQ
26

62
51

 
T 

T 
T 

C
A

A
 

C
 

T
G

T 
T 

T 
T 

C
 

A
 

A
 

A
 

G
 

I 
A

 
T 

- 
A

 
T 

T 
G

 
T 

A
 

T 
T 

G
 

- 
G

 
G

 
G

 
14

C
 

JQ
26

62
52

 
C

 
G

 
C

 
G

T
C

 
T 

A
C

A
 

C
 

A
 

C
 

 
 

G
 

 
 

- 
 

 
D

 
G

 
 

 
 

 
C

 
 

 
T 

- 
 

A
 

A
 

14
C

 
JQ

26
62

53
 

C
 

G
 

C
 

G
T

C
 

T 
A

C
A

 
C

 
A

 
C

 
 

G
 

G
 

 
 

- 
 

 
- 

 
 

 
 

 
C

 
 

 
T 

- 
 

 
A

 
14

C
 

JQ
26

62
54

 
C

 
G

 
C

 
G

T
C

 
T 

A
C

A
 

C
 

A
 

C
 

 
 

G
 

 
A

 
- 

 
 

- 
 

 
 

 
 

C
 

 
 

T 
- 

 
 

A
 

2C
 

JQ
26

62
55

 
 

 
 

 
 

 
T 

 
- 

 
 

- 
 

 
 

 
 

 
 

 
 

- 
 

 
A

 
2C

 
JQ

26
62

56
 

C
 

G
 

C
 

G
T

C
 

T 
A

C
A

 
C

 
A

 
C

 
 

 
G

 
 

 
- 

 
C

 
- 

 
 

 
 

 
C

 
 

 
T 

I 
 

 
A

 
18

C
 

JQ
26

62
57

 
C

 
G

 
C

 
G

T
C

 
T 

A
C

A
 

C
 

A
 

C
 

T 
 

G
 

 
 

- 
 

 
- 

 
 

 
 

 
C

 
 

C
 

T 
- 

 
 

A
 

18
C

 
JQ

26
62

58
 

 
 

 
 

 
 

 
 

- 
G

 
 

- 
 

 
 

 
 

 
 

 
 

- 
A

 
 

A
 

18
C

 
JQ

26
62

59
 

C
 

G
 

C
 

G
T

C
 

T 
A

C
A

 
C

 
A

 
C

 
 

 
G

 
 

 
- 

 
 

- 
 

 
 

 
C

 
C

 
 

 
T 

- 
 

 
A

 
7P

 
JQ

26
62

60
 

C
 

G
 

C
 

G
T

C
 

T 
A

C
A

 
C

 
A

 
C

 
 

 
G

 
 

 
- 

 
 

- 
 

 
C

 
 

 
C

 
 

 
T 

- 
 

 
A

 
7P

 
JQ

26
62

61
 

C
 

G
 

C
 

G
T

C
 

T 
A

C
A

 
C

 
A

 
C

 
 

 
G

 
 

 
- 

 
 

- 
 

C
 

 
 

 
C

 
 

 
T 

- 
 

 
A

 
7P

 
JQ

26
62

62
 

 
 

 
 

 
 

 
 

- 
 

 
- 

 
 

 
 

 
 

 
 

 
- 

 
 

A
 

10
P 

JQ
26

62
63

 
 

 
 

 
 

 
 

 
- 

 
 

- 
 

 
 

 
 

 
C

 
 

 
- 

 
 

A
 

10
P 

JQ
26

62
64

 
 

 
 

 
 

 
 

 
- 

 
 

- 
 

 
 

A
 

 
 

 
 

 
- 

 
 

A
 

10
P

63
8 

*I
de

nt
ifi

er
 o

rg
an

is
m

 fr
om

 B
oc

a 
de

 C
am

ic
hí

n 
(C

) a
nd

 P
oz

o 
C

hi
no

 (P
) 

63
9 

64
0 

.
64

1 



Table 4 642 
643 
644 645 646 

Marker Site NS Length si sv Ratio 
si/sv �

C 25 0.00355ITS 
P 20 

485 18 5 3.6 
0.00315

C 8 0.01020NTS 
P 6 

1165 20 10 2 
0.01019



Table titles 647 

648 

Table 1. Digestion patterns for Perkinsus marinus, Perkinsus olseni, and Perkinsus chesapeaki649 

restricted by RsaI and HinfI.650 

651 

Table 2. Polymorphic nucleotide positions identified in the ITS1-5.8S-ITS2 sequences of Perkinsus 652 

marinus from oysters collected at Pozo Chino (C) and Boca de Camichín (C) in the State of Nayarit, 653 

Mexico. The first sequence was used as the base, insertions (I) and deletions (D) are indicated in the 654 

columns. Transversions are marked as grey columns and transitions in white. 655 

656 

Table 3. Polymorphic nucleotide positions in the NTS sequence of Perkinsus marinus extracted from 657 

Crassostrea corteziensis at Pozo Chino (P), and Boca de Camichín (C). The first sequence was used as 658 

the base, and insertions (I) and deletions (D) are indicated in the columns. Transversions are marked as 659 

grey columns and transitions in white. 660 

661 

Table 4. Nucleotide diversity (�), transitions (si), and transversions (sv) on the ITS and NTS of 662 

Perkinsus marinus obtained from oysters from Boca de Camichín (C) and Pozo Chino (P). NS = 663 

number of sequences analyzed. 664 

665 
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