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Studies on the population structure of common widespread macroalgae in the Gulf of
Mexico (GoMx) are scarce, and this knowledge gap limits our understanding on how
disturbances affect the genetic diversity of macroalgae in this basin. The latter is due to
the lack of a baseline that can be compared with allele frequency surveys conducted
after a major disturbance such as the 2010 Deepwater Horizon oil spill (DWH), which
leaked 780,000 m3 of crude oil in the vicinity of highly diverse macroalgal communities.
Fortunately, quantitative assessments of the population structure pre-DWH can be
accomplished for several macroalgae with dried specimens collected from research
cruises conducted before 2010 in the offshore GoMx. Based on three markers
(cytochrome c oxidase subunit I, COX II-III intergenic spacer, and the RuBisCO
large subunit), this study reconstructed the allele frequencies pre-DWH for a GoMx-
widespread macroalga, Botryocladia occidentalis, and revealed the existence of distinct
populations in each of three distant regions of the GoMx: Florida Middle Grounds
(FL), Campeche Banks (CB), and offshore Louisiana (LA). Population structure was
assessed with exact tests of population differentiation and Analyses of Molecular
Variance. FL harbored the most differentiated and genetically diverse population due
to the presence and abundance of unique haplotypes. Interestingly, FL haplotypes
were not closely phylogenetically related to each other and included the most divergent
lineages of the entire GoMx; this phylogeographic pattern suggests a strong influence
of migrants from the Caribbean on the FL population. Additionally, likelihood ratio tests
with a small sample collected post-DWH indicated that the LA population underwent
strong changes, showing statistically significant differences before (LA) vs. after (L2)
the disaster. Whereas the LA population had affinity to CB, L2 showed a FL haplotype
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that, before the disaster, had never been reported in LA or CB. Such changes may
not be permanent but rather a temporary response to disturbance; also, they may
not necessarily be caused by the spilled oil but by other factors associated with
the DWH.

Keywords: Macondo oil spill, genetic diversity, mesophotic, seaweeds, population genetics, molecular ecology,
offshore Louisiana

INTRODUCTION

Researching the population structure of marine macroalgae
is a challenging endeavor because many species are nearly
indistinguishable from each other morphologically and, thus,
are virtually impossible to identify in situ (e.g., Krayesky
et al., 2009; Balata et al., 2011). Since population genetics
studies normally require the collection of numerous conspecific
individuals for each location of interest (Nei, 1978; Baverstock
and Moritz, 1996; Ruzzante, 1998; Excoffier, 2007), population
samples of macroalgae are often found to be multispecies
mixtures from which multiple individuals must be discarded,
reducing sample sizes. This is especially true for highly biodiverse
metacommunities like the offshore hard banks of the Gulf of
Mexico (GoMx) (Felder and Camp, 2009) which harbor nearly
700 species and over 70 families as recorded in the most recent
review of GoMx macroalgae (Fredericq et al., 2009).

Despite this problem, researching the population structure of
marine macroalgae is highly valuable due to their economic and
ecological importance. For instance, macroalgae provide food
and shelter for numerous marine animals, including invertebrates
and fishes of economic interest, at different stages of their life
(e.g., larvae, juveniles, and adults) (Chemello and Milazzo, 2002;
Epifanio et al., 2003; Hasan and Chakrabarti, 2009; Thomsen,
2010; Vergés et al., 2012; Chaves et al., 2013; Milne and Griffiths,
2014; Shaal et al., 2016). Some macroalgae also contribute largely
to the building of reef structures that shelter not only a few species
but whole ecosystems (Littler and Littler, 1984; Adey, 1998; Hurd
et al., 2014). Therefore, changes in the dominant macroalgal
populations of marine ecosystems can impact their associated
animal communities as well as the human activities (e.g., fishing).
Communities largely dominated by marine macroalgae such as
the offshore hard banks of the GoMx (e.g., Gavio and Fredericq,
2003, 2005; Gurgel et al., 2004a; Gavio et al., 2005; Mateo-Cid
et al., 2013; Arakaki et al., 2014; Fredericq et al., 2014; Richards
et al., 2014, 2016; Schmidt et al., 2016, 2017; Leliaert et al., 2016;
Camacho et al., 2018; Richards and Fredericq, 2018), may greatly
benefit from studies on the population structure of their most
common and widespread macroalgal species.

Unfortunately, few studies have been done on the population
structure of dominant macroalgae in the GoMx and this
knowledge gap limits our understanding of the impacts of human
and natural disturbances in this marine basin. For instance, there
is no baseline that can be compared with allele frequency surveys
performed after a disturbance event. In April 2010, the NW
GoMx was affected by the Deepwater Horizon oil spill (DWH)
(Felder et al., 2014), regarded as the largest accidental marine oil

spill in U.S. territories (Atlas and Hazen, 2011; Liu et al., 2011;
Barron, 2012; Paris et al., 2012; Rabalais, 2014; Beyer et al., 2016).
This disaster lasted 87 days, during which 780,000 m3 of crude
oil were leaked in the GoMx along with 7,000 m3 of Corexit oil
dispersant (Lehr et al., 2010; OSAT, 2010, 2011; Kujawinski et al.,
2011). Since the typical genetic diversity and population structure
of the dominant GoMx macroalgae were unknown, evaluating
the impact of the DWH disaster on macroalgal populations has
been unfeasible. There are a few studies (e.g., Gurgel et al., 2004b;
Núñez-Resendiz et al., 2017) examining the phylogeography
of particular GoMx species using non-quantitative approaches;
one study (Gurgel et al., 2004b) showed the presence of two
haplotype lineages characteristic of the eastern and western
GoMx. Quantitative assessments of the population structure
before the DWH can be accomplished for several macroalgae
with specimens from research cruises conducted prior to 2010 in
the offshore GoMx. Most of these specimens are deposited in the
University of Louisiana at Lafayette Herbarium (LAF).

This study reconstructed the allele frequencies before the
DWH for a common widespread deepwater red alga in the
GoMx, Botryocladia occidentalis (Børgesen) Kylin (Gavio and
Fredericq, 2003; Fredericq et al., 2009; Figure 1), and evaluated
its population structure and phylogeography across three distant
regions of the GoMx. The main goal of the study was to determine
whether the B. occidentalis population exposed to the DWH is
distinct or belongs to a larger uniform population widespread
throughout the GoMx. Additionally, as a secondary analysis, this
study evaluated a small sample collected post-DWH for changes
in population structure that may be associated with the disaster.

Finally, this study also compared the efficacy of three genetic
markers in elucidating the genetic structure of B. occidentalis.
The value of the mitochondrial cytochrome c oxidase subunit I
(Cox1) and the COX II-III intergenic spacer region (Cox2-3) for
evaluating population structure and intraspecific genetic diversity
in red macroalgae has been validated in multiple studies (e.g.,
Zuccarello et al., 1999, 2005, 2006; Yang et al., 2008; Kim et al.,
2010, 2012; Hernández-Kantún et al., 2014), whereas the plastid-
encoded RuBisCO large subunit (rbcL) is generally regarded as
a slow-evolving gene with poor resolution at the intra-species
level (Yang et al., 2008; Geraldino et al., 2009; Tan et al., 2012).
With that said, there are a number of cases in which Cox2-3
has failed to detect important intraspecific variation detected by
other markers (e.g., O’Doherty and Sherwood, 2007), and also,
there are specific studies in which rbcL has effectively elucidated
phylogeographic patterns of Rhodophyta species. One important
example for the Western Atlantic and GoMx was studied by
Gurgel et al. (2004b) who found 10 haplotypes for Gracilaria
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FIGURE 1 | Herbarium specimen of Botryocladia occidentalis (scale bar: 2 cm) collected in the Florida Middle Grounds (28◦ 5.20′ N, 83◦ 46.16′ W) during the
research cruise NSFIII (collect date: July 05, 2006) of the University of Louisiana at Lafayette (LAF) Seaweeds Lab. This specimen, referenced NSFIII-7-5-06-8-2 in
the LAF Herbarium, is part of the biological material used in this study.

tikvahiae spread in four lineages, including two associated with
the Western and Eastern GoMx, respectively. As a final point,
Cox1 has been a reliable marker for red macroalgae (Geraldino
et al., 2009; Kim et al., 2010, 2012).

MATERIALS AND METHODS

Study Area
The population structure of Botryocladia occidentalis in the
GoMx was inferred from DNA samples of 131 individuals
collected during multiple research cruises between 2000 and
2008 (Table 1). The specimens were collected from offshore
banks in three geographically distant regions (Felder and Camp,
2009): (1) offshore Louisiana in the NW Gulf comprising a
system of hard banks, including salt domes (Rezak et al., 1985);
(2) Florida Middle Grounds in the NE Gulf, a system of
vermetid reefs formed by discontinuous limestone outcroppings
that extend along the West Florida Shelf and are covered with
shells, rocks, and corals (Cheney and Dyer, 1974; Reich et al.,
2013); and the Campeche Banks, Mexico, in the SW Gulf, a

system of tropical biogenic reefs raised in the Southern GoMx
from a submerged limestone plateau (the Yucatan Shelf) with
virtually no sedimentation from land runoff (Liddell, 2007;
Mateo-Cid et al., 2013; Figure 2). These regions are ∼650 km
away from each other and include most of the offshore banks and
reefs surveyed across the GoMx (Fredericq et al., 2009).

Sample Selection and DNA Extraction
Thirty-eight to fifty-one individuals were sequenced for each
region, totaling 131 individuals. Three B. occidentalis specimens
collected from offshore Louisiana during August 2012 were
also available in the University of Louisiana at Lafayette
Herbarium (LAF) but they were assigned to a different
group (L2) in the population structure analyses since they
came from a community exposed to the 2010 DWH (Ewing
Bank, see Fredericq et al., 2014; Venera-Pontón et al., 2019)
and may not represent the typical population structure of
offshore Louisiana. These three individuals were the only
B. occidentalis specimens collected during seven post-DWH
research cruises conducted between 2010 and 2014 (personal
observation during field trips by Venera-Pontón et al., 2019)

Frontiers in Marine Science | www.frontiersin.org 3 October 2019 | Volume 6 | Article 652

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00652 October 16, 2019 Time: 18:12 # 4

Venera-Pontón et al. Population Structure of Botryocladia occidentalis

TABLE 1 | Collection information of Botryocladia occidentalis individuals (Inds) used in this study.

Collection date Region Location Coordinates Depth Inds

May 2000 LA Bouma Bank 28◦ 3.40′ N, 92◦ 27.35′ W 63.27 17

August 2000 FL Middle Grounds 28◦ 12.40′ N, 84◦ 4.67′ W 43.31 1

June 2001 LA Ewing Bank 28◦ 8.06′ N, 90◦ 54.63′ W 63.03 7

LA Bouma Bank 28◦ 3.40′ N, 92◦ 27.35′ W 63.27 2

CA Cayo Arenas∗ 22◦ 11.28′ N, 90◦ 58.41′ W 48.00 28

June 2005 CA S.Arenas∗ 21◦ 36.46′ N, 91◦ 1.67′ W 32.56 6

CA Pera Bank 20◦ 40.94′ N, 91◦ 55.54′ W 26.2 2

CA Triangulos Reefs 21◦ 1.87′ N, 92◦ 11.86′ W 49.49 5

July 2006 FL Middle Grounds 28◦ 12.40′ N, 84◦ 4.67′ W 43.31 51

August 2008 LA Bouma Bank 28◦ 3.40′ N, 92◦ 27.35′ W 63.27 4

LA Parker Bank 27◦ 57.13′ N, 92◦ 1.26′ W 63.36 8

August 2012 LA Ewing Bank 28◦ 8.06′ N, 90◦ 54.63′ W 63.03 3

Only the specimens collected before 2010 were used for analyses of population structure. Asterisks indicate that the specimens were not necessarily collected in the
named location but in its vicinity. Depths are given in meters.

despite their sampling effort (number of dredges launched) was
comparable to other sampling campaigns conducted pre-DWH
(see Venera-Pontón et al., 2019). These observations suggest
a strong decrease in the B. occidentalis abundance offshore
Louisiana post-DWH.

DNA samples were extracted from dried specimens of
B. occidentalis in the University of Louisiana at Lafayette
Herbarium (LAF). Specimens were selected with help of
collection notes to prevent the DNA sequencing of individuals
that were collected together in a same dredge; nevertheless, due
to the limited number of specimens, this was not always feasible.
DNA extractions followed a modified version of the protocol by
Dellaporta et al. (1983). A ∼20 mg sample from each individual
was ground to a fine powder with mortar and pestle, and treated
with 700 µl of extraction buffer [100 mM Tris (pH 8.0), 50 mM
EDTA, 500 mM NaCl, 10 mM 2-Mercaptoethanol], 50 µl of 20%
SDS, 10 µl of 0.1 M DTT, and 4 mg of Proteinase K. During
this treatment, the samples were incubated overnight at 65◦C.
To remove polysaccharides, samples were treated with 250 µl
of potassium acetate (5 M), incubated on ice during 30 min.,
and centrifuged at 12,000 g for 30 min. 750 µl of supernatant
were then mixed with 750 µl of chloroform and centrifuged
at 12,000 g for 15 min, afterward, the supernatant was mixed
again with an equal volume of chloroform and centrifuged for
15 min. again. The latter procedure was repeated once more and
then, to precipitate the DNA, the supernatant was treated with
isopropanol (two-thirds of the supernatant volume), incubated
at −20◦C overnight, and centrifuged the next day at 12,000 g for
30 min. Afterward, the pellet (which contains the precipitated
DNA) was washed twice with 500 µl of 70% ethanol, dried in
a Speed-Vac, re-suspended in 50 µl of elution buffer (10 mM
Tris-Cl, pH 8.5), and stored at−20◦C (Dellaporta et al., 1983).

DNA Sequencing and Data Analyses
Three polymorphic regions were PCR-amplified from each DNA
sample using the Mango-Taq DNA Polymerase Kit (BioLine,
Taunton, MA, United States): the RuBisCO large subunit (rbcL,
Gurgel et al., 2004a,b; Yang et al., 2008), cytochrome c oxidase

subunit I (Cox1, Saunders, 2005; Sherwood et al., 2010), and
the COX II-III intergenic spacer region (Cox2-3, Zuccarello
et al., 1999). Cox1 and Cox2-3 are mitochondrial while rbcL
is a chloroplast gene; all of them, except Cox2-3, are protein-
coding regions. The primers and PCR conditions associated with
each marker are described in Table 2. Preliminary analyses of
rbcL sequences in the first 27 B. occidentalis individuals found
three polymorphic sites in a region of ∼500 bp between the
F57 and R577 primers, whereas no polymorphic sites were
found outside this region. Consequently, rbcL amplifications
of the remaining individuals only included the polymorphic
region. PCR products were sequenced using the BigDye
Terminator v3.1 Cycle Kit (Thermo Fisher Scientific, Grand
Island, NY, United States). DNA sequences were aligned with
CLUSTALX2 and used to define haplotypes (alleles) as well as
their frequencies.

The best model of sequence evolution based on the Bayesian
and Akaike information criteria (Posada and Buckley, 2004)
and Maximum Likelihood (ML) phylogeny were inferred
for each gene using MrAIC (Nylander, 2004) and MEGA6
(Tamura et al., 2013). Moreover, to determine whether each
region represents a different sub-population or is part of a
uniform meta-population, the allele frequencies and sequence
divergences were compared among regions with exact tests of
population differentiation (Raymond and Rousset, 1995) and
Analyses of Molecular Variance (AMOVA; Excoffier et al., 1992)
using Arlequin 3.5 (Excoffier et al., 2005). The AMOVA considers
both the frequency and sequence divergence of alleles (8st), while
the exact test index is solely based on allele frequencies (Fst)
(Balding et al., 2007). The latter used a 100,000 steps Markov
Chain and 10,000 dememorization steps. The gene diversity (Nei)
of each region was measured as the probability of obtaining
different haplotypes in two randomly drawn individuals, i.e.,
heterozygosity (Balding et al., 2007).

The phylogeographic relationships of the alleles were
evaluated with haplotype networks using Haplotype Viewer
(Center for Integrative Bioinformatics Vienna1) which combines

1http://www.cibiv.at/
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FIGURE 2 | Map of the Gulf of Mexico (GoMx) indicating the three regions evaluated in this study which include most of the offshore banks and reefs surveyed
across the basin. The southernmost region (white) corresponds to the Campeche Banks; the easternmost region corresponds to the Florida Middle Grounds (gray);
and the NW region (black) corresponds to the offshore banks of Louisiana (black). The collection sites are presented as red points. The coordinate grid shows the
position for even degrees of longitude and latitude; two degrees of longitude cover a distance of ∼201.5 km at the GoMx latitudes.

their micro-evolutionary history (ML phylogeny) with their
regional frequencies. The statistical genetics analyses were
separately performed on individual gene sequences as well as
on the multigene alleles resulting from concatenating individual
genes into single sequences. The distance between multigene
haplotypes considered the best model of sequence evolution for
each gene as well as the single model that best applied to every
region (HKY); both approaches produced the same results and
thus only one is presented.

To evaluate potential changes in population structure
associated with the 2010 DWH, three individuals collected
from Ewing Bank post-DWH were compared with specimens
collected pre-DWH in offshore Louisiana using Likelihood Ratio
tests (Hernández and Weir, 1989; Weir, 1992a,b) that included
the three genes (multi-loci). This test was also applied to
evaluate affinities between individuals collected from Louisiana
post-DWH (L2) and other GoMx regions.

RESULTS

Among the three genes evaluated, cytochrome c oxidase
subunit I (Cox1) showed the highest intraspecific variability for
Botryocladia occidentalis in the GoMx, with eight polymorphic
sites and five haplotypes. Conversely, the COX II-III intergenic
spacer region (Cox2-3) and the RuBisCO large subunit (rbcL)
each showed three haplotypes based on two polymorphic
sites. When individual genes were concatenated into multigene
sequences, the number of haplotypes increased to 11, based on
a total of 12 polymorphic sites. Details on the gene haplotypes
and their geographical distribution in the GoMx regions are
provided in Table 3.

All the genes supported the existence of two or more
B. occidentalis populations in the GoMx (Table 4). All three genes
supported the existence of a unique population in the Florida
Middle Grounds (FL) that was greatly differentiated from the rest
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TABLE 2 | Conditions and primers of the Polymerase Chain Reactions (PCRs) associated with each gene.

Gene RbcL Cox1 Cox2-3

Forward 5′-GTAATTCCATATGCTAAAATGGG -3′ 5′-TCAACAAATCATAAAGATATTGG -3′ 5′- GTACCWTCTTTDRGRRKDAAATGTGATGC -3′

Reverse 5′- CCACCTTTTAGACCTTCATATAC -3′ 5′- CCACCWGMAGGATCAA -3′ 5′- GGATCTACWAGATGRAAWGGATGTC -3′

Cycle types 2 1 2

Denaturation0 95◦C, 3 min 94◦C, 4 min 94◦C, 4 min

Denaturation1 95◦C, 1 min 94◦C, 1 min 93◦C, 1 min

Annealing1 40◦C, 1 min 45◦C, 1 min 45◦C, 1 min

Elongation1 72◦C, 2 min 72◦C, 1 min 72◦C, 1 min

Cycles1 2 40 5

Denaturation2 95◦C, 1 min – 93◦C, 30 s

Annealing2 42◦C, 1 min – 55◦C, 30 s

Elongation2 72◦C, 2 min – 72◦C, 30 s

Cycles2 40 – 30

ElongationF 72◦C, 7 min 72◦C, 6 min 72◦C, 5 min

Hold 4◦C 4◦C 4◦C

References Hommersand et al., 1994 Saunders, 2005; Sherwood et al., 2010 Zuccarello et al., 1999

RbcL, RuBisCO large subunit; Cox1, cytochrome c oxidase subunit I; Cox2-3, COX II-III intergenic spacer region. Some PCR reactions had two types of cycles with
different conditions. The conditions of each cycle type are succeeded with the numbers 1 or 2. Likewise, the conditions of steps performed before the first and last cycle
are succeeded with 0 and F, respectively.

of the GoMx (rbcL Fst > 0.15; Cox1 and Cox2-3 Fst > 0.25). Cox1
and the multigene haplotypes supported the existence of distinct,
highly differentiated populations (Fst > 0.25) in Campeche Banks
(CB) and offshore Louisiana (LA) (Table 4).

Three individuals collected after the DWH from offshore
Louisiana (L2) showed statistically significant differences with
individuals collected before the DWH in the same region
(LA) (Table 4). For every gene, the three L2 individuals
shared the same haplotype, which was typically absent in
CB and LA but common in FL individuals (Table 3). The
only exception to this pattern was rbcL, whose L2 haplotype
was common across all the GoMx and thus did not show
differences between L2 and any GoMx region. Nonetheless,
rbcL showed statistically significant differences between FL
and all the groups except L2. The affinity between FL and
L2 was further supported by the Likelihood Ratio tests,
which showed a P-value of 0.1563 for FL vs. L2 and a
P-value < 0.001 for LA vs. L2.

Amongst all the GoMx regions, FL showed the largest
gene diversity, regardless of the gene evaluated (Table 5).
LA showed the second largest gene diversity with Cox1 and
multigene sequences but presented a single haplotype (gene
diversity = 0) with Cox2-3 and rbcL, respectively. Interestingly,
CB showed more haplotypes than LA in all the genes but
its gene diversity was low due to extreme unevenness in its
haplotype frequencies. RbcL and Cox2-3 showed an equal number
of haplotypes in FL and CB whereas Cox1 and multigene
sequences showed more haplotypes in FL, followed by CB;
finally, LA showed the lowest number of haplotypes in all
the evaluated genes. All the LA haplotypes were present in
other GoMx regions whereas some haplotypes from FL and
CB were restricted to one region, especially FL before the
DWH. Remarkably, none of the six multigene haplotypes of FL
were found elsewhere in the GoMx before the DWH (Table 3
and Figure 3).

The haplotype networks of rbcL and Cox2-3 (Figure 3)
consisted of simple schemes in which rarer haplotypes,
restricted to one region (FL and CB, respectively), are
connected to each other, phylogenetically, only by their
relationship to the dominant haplotype of the entire GoMx.
Conversely, the Cox1 network showed a more complex
pattern with two main groups of phylogenetically connected
haplotypes: the first group included haplotypes widespread
in the entire GoMx and a rare haplotype from CB; the
second group included two closely related haplotypes
from FL that were relatively genetically divergent from the
other group. Finally, the multigene scheme showed that all
haplotypes from CB and LA are closely phylogenetically
related and appear in the center of the network; the FL
haplotypes, on the other hand, came from three separate
lineages and include the most divergent alleles of the entire
GoMx, which appear in the extremes of the network.
Only one FL haplotype was closely related to alleles from
LA and CB.

DISCUSSION

Effectiveness of the Genetic Markers
The results of this study further confirm that Cox1 is an effective
marker for evaluating population structure and intraspecific
genetic diversity in red macroalgae (see Yang et al., 2008;
Kim et al., 2010, 2012). The second most effective marker
was Cox2-3 which did not separate CB and LA into distinct
populations but otherwise showed the same results as Cox1.
On the other hand, rbcL only detected the most extreme
cases of population differentiation (i.e., FL vs. LA and FL
vs. CB). Despite their lower effectiveness, using Cox2-3 and
rbcL in the multigene sequences was essential to reveal the
divergent origins of FL haplotypes, which was not clearly
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TABLE 3 | Haplotypes of Botryocladia occidentalis and their regional distribution
in the Gulf of Mexico.

Gene Haplotype Distribution GenBank accession #

RbcL TC FL MH521039

TT CB, FL, LA, L2 MH521040

CT CB MH521041

Cox2-3 TT FL, L2 MH537602

TC CB, FL, LA MH537600

AC CB MH537601

Cox1 AGTGAGCT CB, FL, LA MH521034

AGTGAGTT CB MH521035

GGTGAGTT CB, FL, LA MH521036

GACGGATC FL, L2 MH521037

GACAGATC FL MH521038

Multigene TC,AGTGAGCT,TT FL –

TT,AGTGAGCT,TC CB, LA –

TT,AGTGAGTT,TC CB –

TT,AGTGAGCT,TT FL –

TT,GGTGAGTT,AC CB –

TC,AGTGAGCT,TC FL –

CT,GGTGAGTT,TC CB –

TT,GGTGAGTT,TC CB, LA –

TC,GGTGAGTT,TC FL –

TT,GACGGATC,TT FL, L2 –

TT,GACAGATC,TT FL –

Haplotypes are labeled with their sequence of nucleotides at each polymorphic
site. CB, Campeche Banks; LA, offshore Louisiana before the Deepwater Horizon
Oil Spill (DWH); L2, offshore Louisiana after the DWH; FL, Florida Middle Grounds.
GenBank (GB) Accession numbers are provided for the haplotypes of each gene.
RbcL, RuBisCO large subunit; Cox1, cytochrome c oxidase subunit I; Cox2-3, the
COX II-III intergenic spacer region; multigene, concatenation of the three genes into
a single organellar sequence.

evident with Cox1 alone. The single-gene approaches found 3–
5 haplotypes, depending on the marker, whereas the multigene
approach found 11, including six FL haplotypes distributed in
three separate lineages with the most divergent alleles of the
entire GoMx. The latter was not clearly evident with single-
gene approaches, highlighting once more the advantages of a
multigene approach.

Population Structure of Botryocladia
occidentalis in the Gulf of Mexico
Both the analyses of molecular variance (AMOVAs) and exact
tests of population differentiation supported the existence of
distinct populations in each of the regions evaluated. The Florida
Middle Ground (FL) harbored the most divergent population of
the GoMx which was identified even with the less polymorphic
genes (rbcL and Cox2-3); conversely, individuals from Campeche
Banks (CB) and offshore Louisiana (LA) were more closely
related and only the most polymorphic gene (Cox1) and the
multigene haplotypes were able to identify them as separated
populations. The affinity between LA and CB was due to the
fact that, regardless of the gene, all the LA haplotypes occur
in CB too and are closely phylogenetically related to every CB
haplotype. The latter is clearly evident in the multigene and

TABLE 4 | Population differentiation of Botryocladia occidentalis in three distant
regions of the Gulf of Mexico and before vs. after the Deepwater Horizon
Oil Spill (DWH).

RbcL: Global Fst = 0.22∗ Cox1: Global Fst = 0.48∗

CB LA L2 CB LA L2

CB 0.00 CB 0.00

LA 0.00 0.00 LA 0.44∗ 0.00

L2 −0.20 0.00 0.00 L2 0.95∗ 0.85∗ 0.00

FL 0.22∗ 0.23∗ 0.02 FL 0.49∗ 0.39∗ 0.17

Cox2-3: Global Fst = 0.71∗ Multigene: Global Fst = 0.49∗

CB LA L2 CB LA L2

CB 0.00 CB 0.00

LA 0.00 0.00 LA 0.42∗ 0.00

L2 0.96∗ 1.00∗ 0.00 L2 0.94∗ 0.87∗ 0.00

FL 0.70∗ 0.71∗ 0.00 FL 0.50∗ 0.43∗ 0.14

CB, Campeche Banks; LA, offshore Louisiana before the Deepwater Horizon Oil
Spill (DWH); L2, offshore Louisiana after the DWH; FL, Florida Middle Grounds.
Each sub-table is based on different genes: the RuBisCO large subunit (rbcL; top-
left), cytochrome c oxidase subunit I (Cox1; top-right), the COX II-III intergenic
spacer region (Cox2-3; bottom-left) or the three genes concatenated in a single
organellar sequence (multigene; bottom-right). The numbers in the sub-tables
correspond to the Fixation Indices (8st) while asterisks indicate that the population
differences are statistically significant (P < 0.05) in both the Analysis of Molecular
Variance and the Exact Test. Fixation indices were interpreted as follows: ≤0: no
differences, >0: little differences, >0.05: moderate, >0.15: great, >0.25 very great.

TABLE 5 | Gene diversity (Nei) of Botryocladia occidentalis in three distant regions
in the Gulf of Mexico, measured as the probability of obtaining different haplotypes
in two randomly drawn individuals (heterozygosity).

Gene CB LA L2 FL

RbcL 0.0488 (0.05) 0.0000 (0.00) 0.0000 (0.00) 0.4063 (0.06)

Cox2-3 0.0488 (0.05) 0.0000 (0.00) 0.0000 (0.00) 0.3875 (0.06)

Cox1 0.2244 (0.08) 0.4780 (0.04) 0.0000 (0.00) 0.5388 (0.03)

Multigene 0.2305 (0.09) 0.4780 (0.04) 0.0000 (0.00) 0.6298 (0.05)

The standard deviation is presented within parentheses. CB, Campeche Banks;
LA, offshore Louisiana prior to the Deepwater Horizon Oil Spill (DWH); L2, offshore
Louisiana after the DWH; FL, Florida Middle Grounds; RbcL, RuBisCO large
subunit; Cox1, cytochrome c oxidase subunit I; Cox2-3, the COX II-III intergenic
spacer region; multigene, concatenation of the three genes into a single organellar
sequence.

Cox1 networks which shows CB and LA haplotypes closely
and continuously connected toward the center of the plot.
Conversely, the population differences between LA and CB are
likely due to significant disparities in their allele frequencies.

By contrast, the population divergence of FL, from CB and
LA, was due to the presence and relatively high frequencies of
unique haplotypes in this region. FL haplotypes are not closely
phylogenetically related to each other but instead are spread in
the three most divergent lineages of the Cox1 and multigene
network. Only one of the FL haplotypes was closely related to
LA and CB alleles. This phylogeographic pattern may indicate
a strong influence of migrants from outside the GoMx on the
FL population. Those migrants would bring haplotypes that
considerably diverge from local alleles as well as from each
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FIGURE 3 | Haplotype Networks of Botryocladia occidentalis in three regions of the Gulf of Mexico. CB, Campeche Banks (white); LA, offshore Louisiana before the
Deepwater Horizon Oil Spill (DWH; black); L2, offshore Louisiana after the DWH (dark-gray); FL, Florida Middle Grounds (light-gray). The networks are based on
different genes: the RuBisCO large subunit (rbcL), the COX II-III intergenic spacer region (Cox2-3), cytochrome c oxidase subunit I (Cox1), or the three genes
combined. Each circle represents an allele while their size indicate their abundance in number of individuals. The position of alleles in the diagram reflects their ML
phylogeny: closely related alleles are next to each other while more divergent alleles are farther. The genetic divergence was calculated with the T92 model, except in
the multigene network, which used the HKY model.

other. Conversely, the populations of CB and LA, represented
by local haplotypes, would show the lowest divergence and
more phylogenetic relatedness among alleles. Interestingly, the
occurrence and relatively high frequencies of unique haplotypes
in FL has been also observed in other organisms with planktonic
dispersal such as corals (Studivan and Voss, 2018); in their study,
one FL population (Pulley Ridge) was identified as a potential

sink population with an alternate source population not shared
by the other GoMx sites.

It is possible that FL haplotypes occur in other GoMx regions
in their early life-stages (e.g., propagules) but are excluded
from the substratum by regionally local haplotypes (intraspecific
competition) and so their adults would not typically occur in the
benthos. This is consistent with previously reported observations
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at the species level (not haplotypes) by Fredericq et al. (2014,
2019), Sauvage et al. (2016), and Krayesky-Self et al. (2017), who
demonstrated the presence of early-life stages (e.g., propagules)
inside the interior of rhodoliths of LA for macroalgal species
whose adult stages (e.g., sporophytes) had never been reported in
the in situ benthos. It is possible that under certain environmental
conditions, propagules of FL haplotypes can succeed and reach
“adulthood” in other GoMx regions.

The above hypothesis does not necessarily assume that CB
and LA haplotypes have higher competitive abilities than FL
alleles. CB and LA haplotypes may outcompete FL alleles, locally,
simply by outnumbering them so that their frequency remains
too low to be detected with the relatively small sample sizes of
this study; the same may occur in FL if haplotypes from CB
and LA are outnumbered by migrant haplotypes. Such pattern
of haplotype disparities appears consistent with the activity of
three important oceanographic forces: (1) the Louisiana Coastal
Current (Wiseman et al., 2004; Jarosz and Murray, 2005), (2) the
GoMx Loop (Sturges and Leben, 2000; Oey et al., 2005), and the
Westward Yucatan Current (Martínez-López and Parés-Sierra,
1998; Ochoa et al., 2001).

The Louisiana Coastal Current (LCC) flows westwards from
the Mississippi mouth toward Texas and Mexico but away
from the Florida Continental Shelf (Wiseman et al., 2004;
Jarosz and Murray, 2005) and has the potential to reduce
the movement of propagules from LA to FL. Moreover, the
LCC may be a key step in the flow of propagules (and their
haplotypes) from LA toward CA. Conversely, the GoMx Loop
flows northwards from the Yucatan Channel, moving most of
the inflow from the Caribbean toward the Florida Continental
Shelf and then loops east and south to finally leave the GoMx
via the Florida straits. The GoMx loop is the strongest surface
current of the NE Gulf and has the potential of moving a vast
number of migrant propagules (with their haplotypes) from
the Caribbean toward FL. Then, a relatively lower inflow of
propagules from LA and CB would facilitate the dominance of
migrant haplotypes in FL.

The Yucatan current, where the GoMx Loop originates, has a
portion that flows westwards toward CB and loops northwards
alongside the Mexican and US Gulf coasts. This current has
the potential of moving migrant propagules to other regions of
the GoMx where, unlike in FL, may be outcompeted by local
haplotypes. Eddies originating from the GoMx Loop (Sturges
and Leben, 2000; Oey et al., 2005) can also move FL haplotypes
westwards. Nevertheless, it is possible that migrant haplotypes
increase their abundances temporarily when local haplotypes are
affected by disturbances. Importantly, the previous hypotheses on
the role of migrant haplotypes should be considered with caution
since many of their main assumptions warrant further research;
for example, the relative proportion of haplotypes in the early-life
stages of B. occidentalis has yet to be explored.

Finally, despite the fact that the three populations evaluated
occur at different depths (Table 1), no correlation appears to
occur between the pairwise population differentiations (Table 3)
and depth differences. For example, the deepest (LA) and
shallowest (CB) populations showed the lowest Fst whereas the
population with intermediate depth (FL) showed the highest

Fsts with LA and CB. Therefore, despite the lack of additional
tools or data to further assess this factor, depth does not
seem to be a crucial predictor of population structure for
B. occidentalis in the GoMx.

Changes in Population Structure After
the Deepwater Horizon Oil Spill
Three individuals collected from offshore LA after the DWH
(L2) showed a haplotype that, before the disaster, had never
been reported in LA or CB (Table 3 and Figure 3) but was
found in FL. This finding was consistent for all the genes,
except rbcL, in which the L2 haplotype was common in all
the GoMx regions before the DWH. The analyses of molecular
variance (AMOVAs), exact tests of population differentiation
(Fst > 0.8 and P < 0.05), and Likelihood Ratio tests (P < 0.001)
indicated a significant shift in haplotype frequencies in LA from
before and after the DWH. For example, the Likelihood Ratio
test indicated that, if L2 and LA are the same population, the
probability of obtaining three FL haplotypes in the L2 individuals
is nearly zero. Moreover, the LA vs. L2 Fst were supported
by statistically significant P-values. The affinity between L2
and FL was also confirmed in all the analyses. L2 vs. FL
Fsts were close to zero for rbcL and Cox2-3, and supported
by P < 0.05. Conversely, Cox1 and the multigene, showed
relatively large Fsts (∼0.15) for L2 vs. FL, but their P-values
were lower than 0.05. The occurrence of FL haplotypes in
LA after the DWH is greatly consistent with the hypothesis
that early-life stages with FL haplotypes continuously occur
in LA and CB but are typically outcompeted or outnumbered
by local haplotypes until a disturbance allows for a change in
haplotype frequencies.

Additional Considerations and
Limitations
Due to the retrospective nature of this study, the research
cruise specimen collections were not planned in function of our
quantitative assessments of population structure. The pre-DWH
specimens were collected during different sampling periods,
between 2000 and 2008, at each region (Table 1); to group the
specimens into three putative regional populations our study
assumed that the allele frequencies within each region has been
relatively stable between 2000 and 2008. This assumption is not
unrealistic in our study area since no major disturbance appears
to have impacted the natural dynamics of the GoMx between
2000 and 2008. Therefore, this study is still highly valuable for
understanding the population structure of a common widespread
GoMx macroalgal species in the context of the DWH. This type
of assumption is necessary when the data are not ideal but can
produce valuable information under certain considerations.

Likewise, due to the retrospective nature of this study,
the use of herbarium specimens was our best possible
approach. Such an approach may lead to pseudoreplication
and frequency overestimation of haplotypes if fragments of
the same specimen are treated as separate individuals; for that
reason, we used the collection notes associated to each specimen
to decide which individuals would be included in this study.
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We avoided specimens collected from the same dredge but,
unfortunately, due to the limited number of specimens
it was not always feasible. Despite this limitation,
individuals sequenced from the same dredge often showed
different haplotypes.

Finally, due to the decreased abundance of Botryocladia
occidentalis offshore Louisiana after the DWH personal
observations during field trips by Venera-Pontón et al. (2019),
only three individuals were available for the analyses of the post-
DWH population (L2) in spite that the sampling effort (number
of dredges launched) of the post-DWH research cruises was
comparable to the sampling campaigns conducted pre-DWH
(see Venera-Pontón et al., 2019). Even with this extremely low
sample size, the fact that none of the L2 individuals showed
the Cox1 or Cox2-3 haplotypes collected offshore Louisiana
between 2000 and 2008 (LA) is, by itself, strong evidence
of a change in allele frequencies. Undersampling typically
favors the exclusion of rare haplotypes (which require larger
sampling efforts to be detected) and an overestimation of
frequencies in the common haplotypes (which require a smaller
effort to be detected); consequently, the fact that a previously
undetected haplotype (absent in a sample of 41 individuals)
occurred only in the three samples collected post-DWH is
solid evidence that its frequency significantly increased. Since
such change may be temporary, we encourage new studies to
test whether the haplotypes found offshore Louisiana post-
DWH are still found in the region or whether the pre-DWH
haplotypes regained their frequency in the present Louisiana
population. Nevertheless, the population changes occurred
after the DWH may not necessarily be a consequence of
crude oil contamination but could be caused by other DWH
factors such as the release of Corexit oil dispersant (OSAT,
2010; Kujawinski et al., 2011) or the closure of fisheries for
a prolonged period, temporarily increasing the abundance of
fishes that graze on macroalgae. Likewise, it is a possibility
too that these population changes were driven by factors
unrelated to the DWH. Unfortunately, further assumptions or
conclusions on the L2 population are very problematic due to the
small sample size.
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