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Sawfishes are considered one of the most threatened marine fish taxa globally,
with major contractions in their geographic range documented over the last 50
years across all oceans. Two sawfish species used to be found in Mexico, but a
historical lack of research and first-hand baseline information recently raised
concerns about the fate of both species there. Recent Local Ecological
Knowledge (LEK) and environmental DNA (eDNA) research has shown that: a)
Pristis pectinata and P. pristis were formerly abundant and widely distributed in
the Mexican Atlantic coast, and the latter also in the Mexican Pacific coast, and b)
sawfishes (at least P. pectinata) are still found in some coastal refugia in central
Veracruz state and Campeche state on the Atlantic coast. In the present research
we developed improved primers that allow for better species ID resolution for
Pristis pectinata and P. pristis through successful sequencing of eDNA samples by
amplifying a 270 bp fragment of the CO1 gene. Our results based on the analysis
of 305 eDNA samples showed an improved positive species identification rate
through sequencing, demonstrate that P. pectinata occurs in other coastal
refugia along the Yucatan Peninsula in the Mexican Caribbean, and suggest this
species might be extirpated from southern Veracruz, while no P. pristis eDNA has
been found along the Atlantic coast.
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1 Introduction

Assessing the presence/absence of endangered, rare, and
invasive species has long posed a major challenge to fisheries and
conservation scientists due to the often rarity and elusiveness of
such species in aquatic habitats. Gillnetting, electrofishing, trapping,
trawling, and angling are techniques usually expensive in time and
effort, and which have relatively low power to avoid false negatives —
that is, no record of the species when it is present in the
environment- (Goldberg et al., 2015; Thomsen and Willerslev,
2015; Le Port et al., 2018). The breakthrough and development of
environmental DNA (eDNA) protocols for the detection of rare
aquatic species (Ficetola et al., 2008) represents an unprecedented
methodological innovation that has solved many, but not all of the
obstacles for rare species’ detection (Rees et al., 2014; Cristescu and
Hebert, 2018) and one that has seen application to a large number
of taxa in recent years (Foote et al, 2012; Piaggio et al., 2014;
Boussarie et al., 2018). The eDNA revolution, has also seen
extended applications in biodiversity assessment and monitoring
(Thomsen et al., 2012a; Thomsen et al., 2012b; Port et al., 2016;
Bakker et al., 2017; Valdivia-Carrillo et al., 2021).

Sawfishes (Family Pristidae) are shark-like rays that occurred in
all tropical coastal seas but are currently considered the marine
taxon most threatened with extinction (Harrison and Dulvy, 2014).
Overfishing, habitat destruction and degradation, and the
vulnerability of sawfishes to fisheries due to their preference for
shallow and often inshore coastal habitats, have all contributed to
the severe range reduction and abundance decrease of their
populations globally (Dulvy et al., 2016; Leeney and Downing,
2016; Bonfil et al., 2018).

Recently, efforts to assess if sawfishes still exist in Mexico
yielded positive results when eDNA evidence highlighted their
presence in three coastal areas in the southern Gulf of Mexico
(Bonfil et al,, 2021). That study, based on the primers developed
specifically for the genus Pristis in Australia (Simpfendorfer et al.,
2016) found sawfish DNA in 12 out of 158 sampled stations.
However, only 2 of the 12 sawfish DNA samples from Bonfil
et al. (2021) could be successfully sequenced, confirming that the
smalltooth sawfish Pristis pectinata is still hiding in some coastal
areas of Mexico (Bonfil et al., 2021). For the remaining 10 samples,
no clear identity was found to distinguish between P. pristis and P.
pectinata. This may have been due to DNA degradation or to the
relatively short strain of DNA (145 bp) amplified and sequenced
using the primers developed by Simpfendorfer et al. (2016). Thus,
because of the known low number of polymorphic sites in the DNA
fragment analyzed, longer fragments containing specific sites for
each species may need to be sequenced in order to allow for easier
species identification through sequencing (Naylor et al, 2012;
Tavares et al., 2013).

In the present study, we a) developed a new set of primers to
amplify a longer fragment of DNA (270 bp) containing more
polymorphic sites that allow to more easily distinguish between
Pristis species, and b) designed an eDNA sampling protocol to
determine the presence of two endangered sawfishes in coastal areas
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of the Gulf of Mexico and Caribbean. We also present results of
surveys in Quintana Roo and Veracruz showing through eDNA
evidence that smalltooth sawfishes are still present in at least two
coastal areas of the Mexican Caribbean, where fishing activity has
been comparatively low and where human encroachment is less
severe and more recent than in the Gulf of Mexico.

2 Materials and methods
2.1 Primer development

To develop our eDNA assay, we modified the primer pair from
Simpfendorfer et al. (2016) targeting the cytochrome oxidase I
(COI) gene at positions 172-191 and 453-472 for forward and
reverse primers respectively. Primers were designed targeting
polymorphic sites for species differentiation. Our primers
amplified a 270 bp fragment of the CO1 gene and were Ppec-F1
(5-GTAACTGCCCATGCCTTTGT-3’), and Ppec-R1 (5’-
TAGAGGAGATGCCGGCTAAA-3’). The specificity of these
primers was tested using tissue samples from a juvenile P.
pectinata collected in 2016 and held since then at the Veracruz
Aquarium as well as P. pristis dried rostra tissue samples from the
first author’s private collection.

2.2 DNA extraction

Prior to DNA extraction, each water sample in the 50 mL
collection tubes was precipitated by centrifugation for 35 min at
6°C and 3820 g (maximum speed of the equipment) according to
Ficetola et al. (2008) and Turner et al. (2015). DNA extraction was
done using the entire precipitate and Qiagen DNeasy Blood & Tissue
kit (Qiagen®) (spin column protocol) following manufacturer’s
protocol except for the lysis of precipitated material, which was
carried out in the 50 ml tubes used for the precipitation overnight and
then transferred to a 1.5 ml tube for the rest of the protocol.
Additionally, for the final step, we performed an elution with 50 ul
AE buffer (supplied with the kit). The precipitation protocol,
excepting for the centrifugation step of the 50 ml tubes, was carried
out in a DNA clean lab. During the centrifugation step, tubes were
always sealed, and the outsides were decontaminated with 10%
bleach. Extraction blanks were included to test for contamination
during this process. For samples from the P. pectinata aquarium
specimen and from the tissue collected from the dried rostrum of P.
pristis, we used a traditional phenol:chloroform:isoamyl alcohol
(25:24:1 v/v) protocol (Diaz-Jaimes et al., 2018).

2.3 PCR amplification

PCR reactions were performed in a 25 pl final volume
containing 1 ul of template DNA, sterile MilliQ water, Taq
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polymerase buffer (10x), dNTPs mixture (2 mM each), each primer
(10 pm/ul), and DreamTaq DNA polymerase (5 U pl). PCR
reactions were run below the following PCR conditions: 5 min
initial denaturation at 95°C, followed by 35 cycles of 30 sec at 94°C,
annealing for 1.5 min at 58°C, extension for 30 sec at 73°C; final
extension for 10 min at 72°C, and an infinite hold at 4°C. The PCR
products were verified in a 2% agarose gel through electrophoresis.
Blanks containing only deionized water instead of template DNA
were used in all amplifications. The resulting sequences were
trimmed using Geneious Pro v6.0.5 (Biomatters Ltd.) and
compared against the National Center for Biotechnology
Information (NCBI) nonredundant nucleotide database. The
minimal criterion of similarity values above 98% was adopted for
species identification following Hebert et al. (2003).

10.3389/fmars.2024.1290661

2.4 Field surveys

Based on our previous Local Ecological Knowledge work (Bonfil
et al., 2018) and taking into consideration locations we had
previously surveyed (Bonfll et al., 2021), in this study we sampled
three large areas in the southern Gulf of Mexico and Caribbean to
investigate if sawfishes still exist there (Figure 1). During Feb 25-
Mar 16, 2018, we visited the northeast tip of the Yucatan Peninsula
(NEYP from now on) in the state of Quintana Roo from Yalahau
Lagoon to Puerto Juarez, including all coastal lagoons and the
waters off Contoy Island, all known as former sawfish habitat
(Bonfil et al, 2018). During this expedition we also surveyed
Bahia Espiritu Santo (BES from now on) and surrounding waters,
all part of the Sian Ka’an Biosphere Reserve; a live sawfish was
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FIGURE 1
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Sampling sites and sample stations for sawfish eDNA (yellow circles) and gillnet sets (fuchsia squares) in the southern Gulf of Mexico and Caribbean.
eDNA stations in: Southern Veracruz State coast (SVS; upper right panel), North East Yucatan Peninsula [NEYP; middle left panel), and Bahia Espiritu
Santo (BES; middle right panel)]; gillnet sets in: NEYP (lower left panel), and SVS (lower right panel); blue circles denote stations that resulted positive

101208

Veracruz

183608

18008

Isla de Techal

Punta Herrero

191200

18:36.0N

af 1eoon

Frontiers in Marine Science

03

frontiersin.org


https://doi.org/10.3389/fmars.2024.1290661
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Bonfil et al.

reported in BES to one of us (RB) by fishers in 2016. During Sep 18-
Oct 8 2018 we surveyed the southern coast of Veracruz State (SVS
from now on), from Veracruz to Coatzacoalcos, including del
Ostion, Sontecomapan, and Alvarado lagoons, the Coatzacoalcos
and Papaloapan river systems, and the coral reefs off Anton Lizardo
and Veracruz.

We centered our study on eDNA detection, supported
whenever possible by gillnetting and aerial surveys with drones
(known also as unamend aerial vehicles or UAVs). Gillnetting was
rather limited due to time and human power constraints, as well as
due to fishing prohibitions in some of the Marine Protected Areas
surveyed (chiefly, BES).

2.4.1 eDNA sampling

Sampling for eDNA followed Ficetola et al. (2008) as detailed in
our previous work (Bonfil et al., 2021). Each water sample was taken
in triplicate 75 m apart, and consisted of taking 15 ml of surface
water with a 15 ml falcon tube and poured into a 50 ml falcon tube
containing 1.5 ml 3M, 5.2 pH sodium acetate buffer solution, which
was then filled with 96% ethanol (Ficetola et al., 2008; Thomsen
et al., 2012b; Sigsgaard et al.,, 2015; Figure 2). New 15 ml falcon
tubes and sterile examination gloves were used to take each sample
and all triplicate samples were kept in pre-labeled ziplock bags
inside a sterilized cooler containing a negative control. The negative
control consisted of 15 ml of distilled water, 1.5 ml 3M, 5.2 pH
sodium acetate buffer solution, and 96% ethanol.

10.3389/fmars.2024.1290661

2.4.2 Gillnet sampling

Gillnets rented to local fishers were set perpendicular to the
shoreline inside coastal lagoons or around keys (Figure 3); soaking
times were between 35 and 481 min. Either polyamide or
monofilament gillnets were used, and these ranged from 97 to
120 m in length, and from 76 to 89 mm in mesh sizes.

2.4.3 Aerial surveys

Where water clarity allowed, a DJI Phantom 3 Advanced or a
DJI Phantom 4 UAVs were used to carry out aerial transects
recording video during the entire track. Transects followed either
the shoreline of the areas surveyed, or the path of inner channels
along coastal lagoons. The UAV was flown at a maximum altitude
of 20 m during surveys. Whenever elasmobranch fishes were
detected from above, the drone was flown at a lower altitude
(down to a minimum of 2 m) and individuals photographed and
filmed for posterior identification. After this, the transects
continued as described above. Transect duration depended
heavily on the UAV’s battery life and safety measures, but lasted
mainly 15-22 min.

We took eDNA samples at 83 stations in NEYP, at 58 stations in
BES, and at 168 stations in SVS (Figure 1) for a total of 305 stations.
Gillnetting was limited to only 11 sets in NEYP, and 7 in SVS
(Figure 1); gillnetting is not allowed in the Sian Ka’an Biosphere
Reserve where Bahia Espiritu Santo is located. We carried out 8
aerial survey transects in NEYP and 10 transects in BES (Figure 4).

FIGURE 2

Water samples for eDNA were taken with a 15 ml falcon tube (A), then were poured into a 50 ml falcon tube containing 1.5 ml 3M, 5.2 pH sodium
acetate buffer solution (B), which was then filled with 96% ethanol (C). Aerial surveys with two DJI Phantom drones were made in the clear shallow

waters of NEYP and BES (D).
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FIGURE 3
Gillnets were set parallel to the shoreline or closing the mouths of rivers and channels, and left to fish for 35 to 481 min.
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FIGURE 4
Location of aerial transects with UAVs in the study sites. (A) North East Yucatan Peninsula (NEYP), (B) Bahia Espiritu Santo (BES) inside Sian Ka'an
Biosphere Reserve.
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No aerial surveys were carried out in Veracruz due to the high
turbidity of the waters in the region.

3 Results
3.1 Primer and assay tests

Our custom primers amplified a 270 bp fragment of the COI
target sequence in Pristis, confirming the primer specificity of the
assay for conventional PCR. During the initial trial of our custom
primers, we successfully identified DNA from tissue samples of a live
specimen of Pristis pectinata, kept at the Veracruz Aquarium since
2016, as well as from dried tissue obtained from P. pristis rostra
(Bonfil et al., 2017); both samples amplified as expected.
Furthermore, when testing water samples collected from the
exhibition tank where the specimen of P. pectinata is kept at the
Veracruz Aquarium, we confirmed through sequencing the presence
of DNA from P. pectinata in the water samples.

3.2 eDNA surveys

DNA from Pristis pectinata was detected and confirmed in water
samples collected from two of the three areas we surveyed in the
Southern Gulf of Mexico and the Mexican Caribbean. Out of a total
of 305 sampled stations, we obtained 22 positives (i.e. samples that
amplified during PCR with our primers), 17 of which were
successfully sequenced (see Supplementary Table 1). Of these, 13
were positively identified through BLAST as smalltooth sawfish
Pristis pectinata based on a similarity criterion above 98% (Hebert
et al, 2003; Table 1). None of the negative controls resulted in a
positive reaction and all extraction blanks were negative. We found 4
samples positive for smalltooth sawfish DNA in NEYP, 9 positives in
BES, and no positives in the entire coast of SVS (Figure 1). Of the
positive samples from NEYP, 3 were from the southern coast of
Yalahau Lagoon (2 close to the mouth of the lagoon and 1 from about
the middle coast) and 1 was from open waters north of Contoy Island
(Figure 1). The positive samples from BES were 1 from deep inside
the bay in the southernmost coast, 1 from the southern coast just
inside the mouth of the bay, 1 from the main channel between Techal
Island and the northern part of the bay, and 1 from a shallow
protected small lagoon at the northern entrance of the bay (Figure 1).
The remaining 5 positives were all from within the reef lagoon at the
mouth of the bay: two in the northern coast, and 3 from the central-
southern mouth of the bay just behind the barrier reef. Summarizing,
we obtained a total of 13 eDNA samples positively-sequenced as
Pristis pectinata, 4 from the NEYP and 9 from BES.

3.3 Gillnetting and aerial surveys

No sawfishes were caught in our gillnet sets or located during
our aerial surveys. We caught 3 species of batoids during gillnet
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TABLE 1 Results of BLAST analysis of nucleotide sequences from CO1
gene for positive eDNA samples.

Successfully .
Species
sequenced
Pristis
VAT yes 100.00 pectinata
Pristis
VAF yes 99.49 pectinata
1 BES no n/a n/a
Pristis
2 BES yes 99.60 pectinata
Pristis
3 BES yes 87.43 pectinata
8 BES no n/a n/a
Pristis
9 BES yes 99.21 pectinata
Pristis
14 BES yes 99.60 pectinata
Pristis
28 BES yes 99.21 pectinata
Pristis
31 BES yes 99.60 Dpectinata
Pristis
33 BES yes 97.07 pectinata
Pristis
36 BES yes 99.60 pectinata
Pristis
43 BES yes 99.21 pectinata
Pristis
47 BES yes 99.21 pectinata
Pristis
48 BES yes 90.70 pectinata
Pristis
49 BES yes 99.21 pectinata
Pristis
50 BES yes 94.84 pectinata
Pristis
3 NEYP yes 98.81 pectinata
Pristis
4 NEYP yes 99.21 pectinata
Pristis
6 NEYP yes 99.21 pectinata
Pristis
60 NEYP yes 99.21 pectinata
4 SVS no n/a n/a
67 SVS no n/a n/a
167 SVS§ no n/a n/a

Veracruz Aquarium 15 ml Falcon tube sample (VAT), Veracruz Aquarium 1 L filtered sample
(VAF), Bahia Espiritu Santo (BES), North East Yucatan Peninsula (NEYP). Samples with over
98% ID match in bold.
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TABLE 2 Details of gillnets deployed and specimens caught during sawfish surveys (elasmobranchs in bold, n/a = not applicable).

set Tl s S Specimens and numbers caught Localit
Number time (min) Length (m) size (mm) 9 y
Feb-18 1 99 120 89 n/a NEYP
27- ) 15 120 89 Centn})pomys undecimalis (1), Acanthostracion NEYP
Feb-18 cuadricornis (1)
27- . . .
Feb-18 3 167 120 89 Callinectes sapidus (2), Megalops atlanticus (1) NEYP
2 4 59 120 89 Diapterus auratus (1) NEYP
Feb-18 P
28 5 378 97 89 Styracura schmardae (1) NEYP
Feb-18 Ly
28- - icencis (1), . D
8 p 296 97 89 Uro‘batzs ]afnalcencts (1), Chelonia mydas (1) NEYP
Feb-18 Lutjanus griseus (1)
1- . 471 115 89 Sph'yraena ensis (1), Gerres cinereus (1), Callinectes NEYP
Mar-18 sapidus (1)
3.
Mar-18 8 481 80 89 Eucinostomus melanopterus (1), Libinia dubia (1) NEYP
> 9 362 80 89 n/a NEYP
Mar-18
7-
10 71 100 89 ) NEYP
Mar-18 Hypanus americanus (1)
8 11 65 100 89 NEYP
Mar-18 Callinectes sapidus (2)
20-
1 159 100 76 SVS
Sep-18 Callinectes sapidus (2)
21 2 70 100 76 SVS
Sep-18 n/a
23 3 122 100 76 svs
Sep-18 Oreochromis sp. (1), Hypostomus plecostomus (3)
- 4 70 120 76 SVsS
Sep-18 n/a
26- 5 60 120 76 SVsS
Sep-18 n/a
27-
6 70 120 76 SVS
Sep-18 Mugil sp. (1), Anchoa sp. (1)
28 7 70 120 76 NS
Sep-18 n/a

surveys in NEYP: one specimen each of Styracura schmardae,
Hypanus americanus, and Urobatis jamaicensis (Table 2). In
addition, we observed 16 individuals of 3 batoid and 1 shark
species during our aerial surveys: Styracura schmardae (n=5), and
Hypanus americanus (n=3) in NEYP; Styracura schmardae (n=>5),
Hypanus americanus (n=1), Aetobatus narinari (n=1), and
Carcharhinus leucas (n=1), in BES (Table 3). All batoids caught
in the gillnets were measured, sexed, photographed and released
alive bearing a plastic spaghetti tag announcing a reward for
reporting to us the date and site of recapture.

Frontiers in Marine Science

4 Discussion

The primers developed in this study proved to be a useful tool
yielding improved results for sawfish DNA detection and
evidencing for the first time in over two decades the presence of
sawfishes in several locations in the Mexican Caribbean. Notably,
these primers gave better species definition during sequencing of
positive samples compared to a previous study (Bonfil et al., 2021)
where we used the primers for Pristis spp. developed by
Simpfendorfer et al. (2016). Specifically, in the present study we
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TABLE 3 Elasmobranchs recorded during drone aerial transects (all 2018, Quintana Roo).

Date Species No of Ind. Transect # Location
3-Mar-18 Styracura schmardae 2 6 NEYP
4-Mar-18 Styracura schmardae 1 7 NEYP
4-Mar-18 Hypanus americanus 1 7 NEYP
8-Mar-18 Styracura schmardae 2 9 NEYP
8-Mar-18 Hypanus americanus 2 9 NEYP
11-Mar-18 Styracura schmardae 2 1 BES
11-Mar-18 Styracura schmardae 2 2 BES
12-Mar-18 Carcharhinus leucas 1 4 BES
12-Mar-18 Hypanus americanus 1 5 BES
14-Mar-18 Aetobatus narinari 1 6 BES
16-Mar-18 Styracura schmardae 1 9 BES

failed to obtain sequences for only 23% (5 out of 22 positives
samples, i.e., those that amplified during PCR), while our previous
study had 83% of samples that failed to be sequenced (10 out of 12
positive samples; Bonfil et al., 2021). The use of short sequences is a
major limiting issue for eDNA assays because it can complicate
species identification through sequencing, especially for
elasmobranchs, which are characterized by a low number of
variable sites in the mtDNA genome (Martin et al, 1992). A
lower number of variable sites means a lower possibility to find
sufficient variation for species discrimination. The primers
developed in this study allowed the amplification of a 270 bp
fragment containing 32 variable sites to differentiate between P.
pristis and P. pectinata, both species formerly distributed in the
study area. Four out of the 17 sequenced samples, had identity
values below the 98% and we observed no records for identity of P.
pristis among our samples. The closest records were <90% for P.
zijsron, a species distributed in the Indo-Pacific Region.
Considering the average number of differences in COI between
both Pristis species known from Mexico (16%), we should expect at
least identities below 90% matching to P. pectinata or P. pristis but
the Blast did not retrieve any comparison lower than 90% between
any of these species. The percentage of identity between the four
haplotype sequences we found (reported in Genbank with accession
numbers OR362728-OR362731) and both, the tissue sample from
the smalltooth sawfish specimen in the Aquarium (100%), and the
water samples collected in the surveyed areas (>99%), confirms that
the species we detected is Pristis pectinata whereas no evidence for
the presence of P. pristis was recovered.

Our results demonstrate that at least the smalltooth sawfish still
exists in some refugia in the Mexican Caribbean and suggest that
likely, their abundance is very low. We obtained only 4 positives out
of 83 samples in NEYP, 9/58 in BES and none in the entire set of 164
samples from SEVS. However, it must be noted that 3 of the
positives from NEYP are from relatively close-together sampling
stations inside Yalahau Lagoon (stations 3, 4 and 6). Yalahau lagoon
used to be a center of abundance and probably a nursery area for
sawfishes in the mid 20th century, but no specimens have been

Frontiers in Marine Science

reported there in the last few decades (Bonfil et al., 2018; Rubio-
Cisneros et al,, 2019). Also, the waters oft Cabo Catoche and Contoy
Island are known as former areas of abundance for sawfishes (Bonfil
et al., 2018, Bonfil unpublished data), thus the positive sample in
open waters north of Contoy Island is not surprising. In fact, our
Local Ecological Knowledge data indicates that the last largetooth
sawfish Pristis pristis caught in NEYP back in 1997, was caught off
northern Contoy Island (Bonfil et al., 2017).

Our data also indicate that smalltooth sawfishes are either
absent or extremely scarce in the waters off SEVS. However, the
possibility of having false negatives in our samples from that region
always exists since false negatives are a difficult and nearly
unavoidable issue that will always remain in eDNA studies (Le
Port et al., 2018). This possibility has to be considered in the light of
the capture of a live specimen of this species in the northern part of
the State of Veracruz in 2016 (Bonfil et al., 2018).
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