











groups. A minor oceanic group, group 4, consisted of the eggs of two mesopelagic species at two
stations. Together, Figures 1 and 4 indicate a community transition at the shelf break. The nMDS
plot (Figure 5) and Figure 4 indicate SIMPROF group a was most similar to the major oceanic
group (group g), but there was no overlap between these groups in low-stress 2D nMDS space,

and they did not share important species.

Figure 4: Heatmap of the 50 most important fish-egg taxa, with a dendrogram indicating
species associations and vertical lines identifying statistically significant station associations

(SIMPROF groups). For clarity, the station-wise dendrogram is not shown
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Figure 5: nMDS plot of station similarities, with ellipses drawn around SIMPROF groups,
which are labeled with letters within boxes. The minor oceanic group, group / (two mesopelagic
species), is not shown because the two stations in this group were spatial outliers that made the

overall scale illegible for the other groups

Discussion

Factors That Affect Egg Distribution

The distribution of planktonic fish eggs is influenced by the biogeography of broadcast
spawners, the spatial patchiness of spawning habitats, temporal variation in spawning activity,
and advection of eggs after spawning. Regarding biogeography, the fundamental distinction
among egg communities was the separation of neritic species from deep-ocean species

(Figures 1, 4, and 5). This distinction is not entirely explained by position in the water column,
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as both groups included a mixture of pelagic and demersal species. The oceanic group included
epipelagic species (e.g., C. hippurus and Istiophorus albicans), mesopelagic species (e.g.,
Giinther's lanternfish, Lepidophanes guentheri, and prickly fanfish, Pterycombus petersii), and
demersal species that live near the shelf break (e.g., Pristipomoides aquilonaris and blackbar
drum, Pareques iwamotoi). In general, however, the neritic group included far more demersal
species, including cryptic burrowers (e.g., the eels Paraconger caudilimbatus and Echiophis
intertinctus).

Although detailed biogeographic histories are not available for most of the fish families
in the GoM, demersal neritic species such as lutjanids (snappers) appear to be derived from
eastern Pacific ancestors that became isolated after the Panamanian Gateway closed 4.5 million
years ago (Gold et al., 2011). Since then, vicariant and ecological speciation has produced a large
number of species that are now endemic to the tropical and temperate waters of the western
Atlantic, inclusive of the GoM. This contrasts with the oceanic egg group, which was dominated
by species that have much larger ranges, including ranges that are circumglobal within tropical
and temperate waters (e.g., C. hippurus and K. pelamis) and ranges that extend across large areas
of both the north and south Atlantic Oceans (e.g., Lepidophanes guentheri and T. atlanticus).

To some extent, the patchiness of spawning habitat is indicated by the percent of stations
at which a given taxon occurred (Figure 3). Frequently encountered taxa (e.g., Diplospinus sp.
and driftfish, Cubiceps sp.) appear to be more general in their spawning habitat than taxa that
were encountered in large numbers at relatively few locations (e.g., K. pelamis and rough
scad, Trachurus lathami). Higher levels of spawning-habitat selectivity may relate to the

geography of egg and larval transport (Cowen & Sponaugle, 2009; Weisberg et al., 2014) or to
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orientation with dynamic physical processes that support biological productivity (E. Peebles et
al., 1996; E. B. Peebles, 2002; Reglero et al., 2014).

The species—accumulation curve for the present survey was not asymptotic (Figure 2),
indicating that adding stations to the survey (more potential spawning sites) would have added
many more species to the overall catch. There are more than 1,500 identified fish species in the
GoM (McEachran, 2009), and a large proportion of these are broadcast spawners with buoyant
eggs. Our study identified 82 egg taxa, and thus, there are a considerable number of additional
species known from the continental shelves and deep ocean that were not collected. This pilot
study, however, did not systematically sample the spatial or temporal (seasonal) range of fish
spawning in the GoM. Nevertheless, the success of the method indicates that a systematic survey
of the entire GoM using these methods would provide a more comprehensive data set with which
to evaluate spatial and temporal patterns in fish biodiversity. Such a study could also evaluate
population connectivity among different continental shelf areas and the deep-oceanic GoM using
particle (fish eggs and larvae) tracking studies by seeding models with identified fish-egg
densities. Furthermore, a more comprehensive survey would provide genetic materials for
discerning potential subpopulation connectivity.

Temporal variation in spawning season is widespread among species, but tends to be
consistent within species (Cushing, 1969). Phenological studies indicate species-specific
spawning seasons are responsive to climate change, generally starting earlier in the year when
sea surface temperatures are warmer (Jansen & Gislason, 2011). In the present survey, cruises at
different times of year collected the eggs of spring spawners (e.g., M. microlepisand M. phenax),
summer spawners (e.g., L. campechanus and R. aurorubens), and fall spawners

(e.g., S. ocellatus). Within spawning seasons, there can be substantial variation in egg production
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in association with changing moon phases, and the same species may spawn more heavily during
different moon phases at different locations (Farmer et al., 2017). Note that we arranged for each
of the three cruises to visit a common location during different seasons (stations 120, 206, 314,
Figure 1), and this common location was classified as having different egg communities during
each of the three seasons. When spawning season is targeted by egg cruises, encounter rates can
be substantially higher than indicated in Table 1. For example, we collected eggs of each of the
spring-spawning groupers M. microlepis and M. phenax in two of the six spring samples (33%

encounter rate).

Geographic Delineation of the Neritic and Oceanic Egg Communities

Within the observed fish-egg distributions, there was little evidence of a community
gradient (coenocline) associated with the rapid increase in depth that occurs beyond the shelf
break. The fish-egg community transition thus resembled the abrupt transition of an ecotone
(DiCastri et al., 1988; Figures 1, 4 and 5), rather than the gradual transition of an ecocline (Kent
et al., 1997). However, this perception is partly attributable to the scale of the survey and its
sampling resolution, as the benthic fish communities of the GoM clearly exhibit depth zonation
on the continental slope (Wei et al., 2012) that would have been difficult to resolve with the
widely spaced stations used in this study (Figure 1).

On the continental shelf, an economically valuable assemblage of reef fishes known as
the “grouper—snapper complex” (e.g., serranids, lutjanids, sparids, haemulids; sensu Coleman et
al., 2000) is one potential target for DEPM. Reef fishes adhered to the abrupt neritic—oceanic
transition at the shelf break, with minor exceptions. The circumglobal snapper

genus Pristipomoides, which favors deeper water (upper slope to depths > 500 m) more than
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most other snapper species (Allen, 1985), was one of two reef-associated taxa to be classified
within the oceanic fish-egg community (Figure 5; the second species was a poorly known
species, Pareques iwamotoi). Leis and Lee (1994) describe the genus Pristipomoides as favoring
rocky bottoms of the upper continental slope, while also being semipelagic. This genus is
ancestral and zooplanktivorous, in contrast to more derived snappers that eat larger prey
(Frédérich & Santini, 2017). Pristipomoides larvae attain relatively large sizes (>2 cm) and
become fully scaled, while remaining translucent, before developing the dense body
pigmentation that is associated with settlement from the water column onto benthic habitats (Leis
& Lee, 1994). This genus and several other snapper species, including some that are considered
to be neritic species (e.g., L. campechanus), are present as relatively large, translucent larvae
within the water column seaward of the GoM's shelf break (Velez & Moore, 2018); the large size
of these presettlement individuals and their position in the water column suggest some reef fish
larvae remain competent even while existing in a deep, pelagic environment. It is unclear
whether the presence of these advanced-stage larvae in deep waters adjacent to the slope is the
result of involuntary spillover or active habitat selection. Among groupers, there are a number of
species that occupy slope waters (e.g., the diverse group of anthias serranids), although the eggs
of this group were not identified during the present survey. Thus, while the eggs of reef fishes
were essentially confined to the continental shelf, it is also known that reef fishes use habitats on
the upper slope and in the adjacent water column seaward of the upper slope.

One important consideration when examining the biogeography of species associated
with the neritic—oceanic comparison is the occurrence of ocean currents, warm- and cold-core
eddies, and associated fronts (Schmitz Jr, 2005). During the 2015 and 2016 cruises, oceanic

conditions in the GoM were substantially different (Figure 6). In 2015, the Loop Current was
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well-established, with intense eddies present in the western GoM. The eastern boundary of the
Loop Current often interacts with the outer shelf, potentially providing a mixing zone for neritic
and oceanic species and transport of coastal species from the northern GoM, southeast to the
Florida Keys. The cross-Gulf transect occupied during 2015 crossed the Loop Current, which
extended deep into the GoM to the Northwest. During the 2016 sampling, however, the Loop
Current was weak and was eventually cut off, and thus, there was not a sharp water column
boundary among faunas. There was, however, a cold-core eddy at the center of the Florida—
Yucatan transect, potentially upwelling cold, nutrient laden water, yet there were no apparent egg
community trends associated with this feature. In general, ocean circulation did not appear to be
responsible for the community transition at the shelf break (Figure 6).

None of the 50 important taxa (as defined in statistical analyses section) that occurred in
both the oceanic and neritic groups (Figure 5) were reef fishes. The (relatively few) overlapping
taxa were Echeneis sp. (a remora that travels while attached to much larger nekton), unidentified
tunas, a species of driftfish (Cubiceps sp.), and an oceanic pomfret (Brama sp.) that was
collected near the Yucatan Shelf at the only deepwater station that was classified as neritic
(station 109). Both of the mixed neritic—oceanic egg taxa described by Borchers et al. (1997)
were coastal pelagics (Bakun & Parrish, 1991; Klima & Wickham, 1971), which include
zooplanktivorous clupeids, engraulids, carangids, and scombrids. The Borchers et al. taxa were a
scad (carangid) and a mackerel (scombrid). While we did not identify any mixed neritic—oceanic
SIMPROF groups or observe substantive taxonomic overlap between the neritic and oceanic
groups, there was taxonomic uncertainty within the scad genera Trachurus and Decapterus, and
also among the tunas (inclusive of the genus Auxis), and so it is possible that some coastal

pelagics spawned in both neritic and oceanic waters (note that clupeid and engraulid eggs were
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visually identified and were excluded from DNA barcoding, with the exception of Etrumeus

sadina eggs, which were mistaken for percomorph eggs).
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Figure 6: Sea heights (SH) from satellite altimetry during the fall (upper panel; September 9,
2015) and summer 2016 (lower panel; August 22, 2016) cruises. Data indicate strong northward
intrusion of the Loop Current (Loop C.) into the GoM during 2015, with warm- and cold-core

eddies present in the western Gulf. During 2016, the Loop Current was essentially cut off and
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flowed more directly through the Florida Straits. Graphics modified

from http://www.aoml.noaa.gov/phod/dhos/altimetry.php#SHA

DEPM and Egg Mortality

Daily egg production method requires consideration of egg mortality when estimating the
abundance of eggs at the time of spawning (vs. the time of collection). Microscopy can be used
to visually stage the eggs of a given species, and the abundances of successive egg stages can be
fit to catch curves to estimate egg mortality for that species (e.g. Lo et al., 1996). Because the
DNA barcoding process destroys the eggs, the eggs must be visually staged before barcoding,
and a protocol for assigning species proportions to egg-stage distributions in the entire sample
must be developed. Visual staging, however, may be more difficult for eggs that have been
directly preserved in alcohol (ethanol or isopropanol) than for eggs that have been fixed in
formalin first. Formalin cannot be used in conjunction with barcoding because it damages DNA
by fragmentation, base modification, and by cross-linking the DNA with itself or proteins (Hykin
et al., 2015). Fragmentation, in particular, interferes with the Sanger sequencing method. We
observed variation in the preservation quality of eggs preserved in isopropanol. While many of
the isopropanol-preserved eggs still contained detailed anatomical features that would allow
staging, others did not. Additional research into the cause of these variable preservation results is

needed.

Conclusion
We found the eggs of fishes that are potential candidates for DEPM were readily

barcoded and were encountered at high enough rates to make egg surveys practical for many
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species. Eggs from 15 economically important fish species were definitively identified by DNA
barcoding. These and other taxa that spawn within the GoM are likely self-recruiting to some
extent. Population connectivity may subsidize these GoM populations, but the taxa encountered
in the egg survey are less likely to be dependent on such connectivity. At the LME scale, the
eggs reflected spatial variation in the community structure of spawners, which had a distinct
community transition at the shelf break. Together, these results indicate DEPM fish-egg surveys

based on DNA barcoding are feasible at the LME scale.
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CHAPTER THREE:
DNA BARCODING OF FISH EGGS COLLECTED OFF NORTHWEST CUBA AND
ACROSS THE FLORIDA STRAITS DURING MAY 2017

Note: This chapter has been prepared as a manuscript to be submitted for publication.

Abstract

Fish eggs can be used as a tool to identify spawning sites for any broadcast spawning
species. Since eggs are hard to morphologically identify under a microscope, genetic techniques
were employed to identify them down to the species level. In this study, fish eggs were collected
at 23 stations along the northwest coast of Cuba and across the Florida Straits. A total of 564 fish
eggs were successfully identified to 89 taxa within 30 families. Fifty-six of the taxa were
identified down to the species level, 23 to the genus level, and the remaining 10 to the family
level or higher. This study demonstrates an exception to the results of previous work showing a
clear delineation of neritic fish species spawning on continental shelves and oceanic species
spawning over deeper waters (Burrows et al., 2019). Satellite data showed the presence of a
mesoscale cyclonic eddy at the northern end of our Florida Strait transect, bringing eggs from
reef-associated species off the continental shelf of Florida and into the Florida Straits. This study
also gives new spawning information for Luvarus imperialis (Louvar), Bothus lunatus (Plate
Fish), Eumegistus illustris (Brilliant Pomfret), and many economically important species.
Fisheries managers of the United States and Cuba can use this information to make better

informed decisions when creating new regulations and Marine Protected Areas.
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Introduction

Due to the difficulty in accurately identifying fish eggs based on morphological
characteristics, many studies have inferred spawning locations of a given species based on the
presence of larvae (Peebles & Tolley, 1988; Sassa et al., 2006). However, fish larvae can be days
to weeks old before capture (Cowen & Sponaugle, 2009), therefore hindcasting spawning
locations based on surface currents and the length of time larvae are in the water column may be
uncertain due to a variety of factors of larval behavior, including vertical migration (Vikebg et
al., 2007). Alternatively, fish eggs are typically only hours old before hatching into larvae, and
they behave as relatively passive particles once they have floated to surface waters, reducing the
error in predicting spawning location using hydrodynamic models. The only study that has
directly addressed this issue demonstrated the dissimilarity of fish egg and larval species
compositions in Terra Ceia Bay, FL (Burghart et al., 2014).

Broadcast spawning is the most common type of reproduction strategy among fishes,
allowing eggs to be dispersed into the water column, where the majority float to the surface due
to positive buoyancy (Fabra et al., 2005). Identification of passively drifting fish eggs collected
with plankton nets, combined with hydrographic modeling of surface currents can therefore be
used to predict spawning locations for a diversity of fish taxa. However, this method is not
applicable to some fish groups, especially those with demersal eggs like some species of
damselfishes (Pomacentrinae), cardinal fishes (Apogonidae), and blennies (Blenniidae);
(Thresher, 1982) brooding fishes such as seahorses and pipefishes (Syngnathidae; Wilson et al.,
2003), and ovoviviparous fishes such as rockfishes (Sebastinae; Wourms, 1991). Planktonic fish
eggs can be collected in any season and any time of the day; however, to capture eggs from fish

with more selective breeding seasons it is important to know timing of egg release. Peak

32



spawning season for coastal species in the Northern Hemisphere is typically from April to
August (Claro et al., 2014); however, there are a wide variety of spawning strategies, including
aggregations and spawning migrations to and from the continental shelf.

Fish eggs are very difficult to visually identify to the species level, due to their
morphological similarities. Most fish eggs have been identified based on color, size of
perivitelline space, oil globules, yolk and shape, but there are very few distinguishable
characteristics among taxa, with the exception of clupeoid (anchovy, herring, and sardine) eggs,
which are easily distinguished from percomorph (spiny-finned fish) eggs. Some visual features
used for identification, including coloration, are typically lost during the preservation process
(Smith, 1995). Previous studies comparing visual identifications of percomorph eggs with results
from genetic barcoding have shown that visual identification is unreliable (Larson et al., 2016).
Genetic barcoding of the mitochondrial gene cytochrome ¢ oxidase I (COI) allows for
identification of fish eggs, often to the species level (Ahern et al., 2018; Burrows et al., 2019;
Duke et al., 2018). The Barcode of Life Database (BOLD; http://www.boldsystems.org/)
contains reference sequences for over 20,000 ray-finned fish species (Actinopterygii), serving as
an excellent community-driven resource for the identification of fish sequences (Ward et al.,
2009). Accessions to BOLD have increased significantly as the fish taxonomic community has
entered these resources. Separating each fish egg into individual DNA extractions allows for a
quantitative measure of the number of eggs contributed by each species, from a given
multispecies egg sample.

Understanding the complete life cycle of targeted fish species of interest, including their
spawning locations, is a necessity for proper fisheries management. Gulf of Mexico (GoM)

fisheries in Florida and Cuban waters are important economically for both commercial and
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recreational purposes, but they are also important ecologically (Holmlund & Hammer, 1999).
The fishing industry is ever growing and has to be regulated in order to sustain fish populations.
The main location for this study is Cuban waters bordering the southeast region of the
GoM. This region has a multitude of habitats supporting marine fishes including a steep shelf
area, well-developed shallow and mesophotic reefs, and many oceanic and nearshore habitats
that host over 1,000 recognized fish species (including subspecies) (Claro et al., 2014). Cuba also
has many commercially significant finfish species including tunas (Thunnus atlanticus,
Katsuwonus pelamis), Swordfish (Xiphias gladius), snappers, grunts, jacks and groupers. The
northwest coast of Cuba is of particular interest because it has a narrow continental shelf with a
very steep shelf slope (Claro et al., 2014). In a previous study (Chapter Two), the species
composition of fish eggs found on and off the continental shelves of the GoM showed a clear
delineation of neritic species spawning on the continental shelves, and oceanic species spawning
in deeper waters (Burrows et al., 2019). This study aims to determine if this pattern holds true for
another location in the GoM, using DNA barcoding of individual fish eggs collected in May
2017. This study also identifies spawning locations for a diversity of broadcast spawning fish in
this area, providing valuable new data for fisheries managers of both the United States, Cuba,

and potentially Mexico.

Methods

Study Site and Sample Collection

Planktonic fish eggs were collected with a 0.333 mm mesh bongo net, towed at the
surface for 15 minutes from the RV Weatherbird II (http://www.fio.usf.edu/vessels/rv-

weatherbird) in May 2017 (Table 2) across the Florida Straits and along the northwestern Cuban
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coast. One of the two bongo net samples was preserved immediately with 30% isopropanol and
returned to the laboratory. It should be noted that this was not the intended method of
preservation (see Discussion). Plankton samples from sites F1-F9, C7, C8, C10, C11 and C14
were held in the original preservative (30% isopropanol) for approximately 2 months, while sites
C1-C6, C9, C12 and C13 were held in the original preservative for over a year. The percomorph
eggs were then picked out of the sample with forceps under a stereomicroscope at 9-108X
magnification, while clupeoid eggs were excluded from further work. A subsample of 96 or more
percomorph eggs from each sample was placed into a glass vial with 50% isopropanol until

DNA was extracted from individual eggs.

Genetic Identification

Using a sterile pipette tip, individual fish eggs were placed in individual 0.2 ml
polymerase chain reaction (PCR) tubes, and excess isopropanol was removed. DNA extractions
were performed using the HotSHOT method (Truett et al., 2000). To lyse the fish eggs, 50 ul of
alkaline lysis buffer (0.2 mM disodium EDTA, 25 mM NaOH, pH 12) were added to each tube
and each egg was crushed with a sterile toothpick. All PCR tubes were set in a thermocycler at
95°C for 30 minutes then moved onto ice for 3 minutes to cool to room temperature. To complete
the extraction, 50 ul of neutralization buffer (40 mM Tris-HCL, pH 5) was added and the
samples were vortexed to mix thoroughly.

The PCR technique was used to amplify a portion of the mitochondrial COI gene with the
COI-3 universal fish primer cocktail (Ivanova et al., 2007). Each 50 pul PCR reaction contained 2
ul of DNA template and final concentrations of 1x Apex NH4 buffer, 1.5 mM Apex MgCl, 10

ug/ul bovine serum albumin (New England BioLabs Inc.), 0.2 uM Apex dNTPs, 0.2 uM primer
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cocktail, 1 U Apex RedTaq (Genesee Scientific). The thermocycling protocol consisted of
heating to 94°C for 2 minutes, 45 cycles of (94°C for 30 seconds, 52°C for 40 seconds, 72°C for 1
minute), followed by extension at 72°C for 10 minutes. To confirm successful amplification, the
PCR products were run on a 1.5% agarose gel (60 minutes, 120 V) and stained with ethidium
bromide for visualization. Successful PCR products were sent to TACGen (tacgen.com) to be

purified and Sanger sequenced using the M 13 forward primer (Ivanova et al., 2007).

Table 2: Cruise station locations

Date | Total # eggs
Station (YYMMDD) in sample | Latitude | Longitude
C1 170513 3136 23.19 -82.08
C2 170513 1899 23.19 -82.11
C3 170514 236 23.03 -82.76
C4 170514 88 23.04 -82.75
Cs 170515 1637 23.02 -83.02
Cé 170515 155 23.03 -82.97
C7 170518 10 22.16 -84.81
C8 170518 - 22.10 -84.85
Cc9 170519 23 22.45 -84.53
C10 170519 51 22.49 -84.53
C11 170521 4381 22.73 -84.07
C12 170521 936 22.71 -84.09
C13 170522 3251 2291 -83.56
C14 170523 2152 23.00 -83.16
F1 170524 83 23.17 -82.77
F2 170524 160 23.34 -82.77
F3 170524 131 23.50 -82.77
F4 170524 39 23.67 -82.77
F5 170524 7 23.83 -82.77
Fo6 170524 44 23.99 -82.77
F7 170525 34 24.17 -82.76
F8 170525 2735 24.35 -82.75
F9 170525 1096 24.50 -82.76
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In order to differentiate between certain economically important species that are closely
related, a second PCR was performed. The same PCR mixture was used as mentioned above,
with the exception of different primers used for each of the following. Primers L8562 and H9432
were used to differentiate between Thunnus thynnus or Katsuwonus pelamis (72 fish eggs), with
the following thermocycler conditions: 2 minutes at 94°C, followed by 45 cycles of (94°C for 30
s, 50°C for 40 s, 72°C for 1.5 min), and 10 minutes at 72°C (Chow & Inoue, 1993). Primers
LCOI 121 and HCOI 1199 were used to differentiate between Scomberomorus cavalla or
Acanthocybium solandri (5 fish eggs), with the following thermocycler conditions: 2 minutes at
94°C, followed by 45 cycles of (94°C for 30 s, 57°C for 40 s, 72°C for 2 min), and 10 minutes at
72°C (Paine et al., 2007). All products from these PCRs were cleaned with a Zymo Clean &

Concentrator -25 kit and sent for bidirectional Sanger sequencing at TACGen (tacgen.com).

Data Analysis

Sequencher™ 5.3 (Genecodes) was used to trim the sequences for quality. Successful
sequences were compared to the species-level records on the Barcode of Life Database (BOLD;
http://www.boldsystems.org/) for identification to the lowest level of taxonomic assignment. If
there was no match in the BOLD Database, sequences were compared to the species-level
records on GenBank using the Basic Local Alignment Search Tool (BLAST;
https://blast.ncbi.nlm.nih.gov/Blast.cgi). If the sequence identity was less than 97%, the sequence
was considered unidentified.

Multivariate community analyses were completed as described in Burrows et al. (2019)

to compare species composition of eggs among collection sites.
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