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Biogeographic and Phylogenetic Investigations of the Pantropical
Genus Sargassum (Fucales, Phaeophyceae) with Respect to

Gulf of Mexico Species
NAOMI PHILLIPS AND SUZANNE. FREDERICQ

The genus Sargassum, despite considerable research efforts, is still one of the
most systematically complex and problemaltic genera of the brown algae. In order
to evaluate the adequacy of sectional to series level designations in the tropical
subgenus, an ambitious effort was begun that will eventually include all of the
east Isthmian species in a global phylogenetic analysis lor the genus. This research
effort is based on extensive seasonal field survey work and molecular-based par-
simony analysis (chloroplasi encoded ribulose-1, 5-bisphosphate carboxylase spac-
er region) of collected voucher specimens. The present analysis indicates that the
Gulf/Caribbean species do not cluster as they are traditionally classified but form
a strongly supported clade representing a single biogeographic unit in the Malo-
cocarpicae section of the subgenus Sargassum. Four of these species share an in-
sertion/deletion event with some of the Pacilic species, suggesting a shared evo-

lutionary history between the two ocean basins.

argassum C. Agardh (1820) is one of the
S most species-rich, ecologically important,
and widespread brown algal genera of subtrop-
ical and tropical regions around the world.
The bulk of the species for the genus are dis-
tributed in the northern and southern regions
of the Pacilic basin, with the center of diversity
in the Indo-Malay arca (Nizamuddin, 1961;
Phillips, 1995). Only 19 species have been re-
ported east of the Isthmus of Panama and nine
for the Gult of Mexico, all classified in the
tropical subgenus Sargassum (Taylor, 1960;
Schneider and Searles, 1991; Wynne, 1998).
Sargassum is part of a relatively small (eight
genera) Pacific-based family, the Sargassaccae
(Kiitzing, 1843; Nizamuddin, 1961) in the or-
der Fucales. The genus initually included 62
species organized into seven groups (C.
Agardh, 1820). . Agardh (1848, 1889) modi-
fied this original sysiem to reflect phyletic con-
cepts contending that species in the genus
evolved from simple morphological forms to
yield more complex forms. Subgeneric desig-
nations were based on relationships between
the central axis and lamina, whereas subgener-
ic section and subsection designations were
based on receptacle morphologies. For exam-
ple. species within the Malacocarpicae section
are typified by having smooth receptacles,
whereas those in the Acanthocarpicae section
have spiny receptacles. Series to subseries des-
ignations were based on subtle changes in re-
productive, central axial, and lamina features.
J. Agardh’s (1889) system remains the system-
atic and phylogenetic framework for the genus
today, with minor modifications added since

(Fig. 1) (e.g., Grunow, 1915-1916; Setchell,
1931, 1933, 1936; Womersley, 1954; Abbott et
al., 1988).

Today, over 400 hundred species are de-
scribed in this system. Since its inception over
150 years ago, Sargassum has received consid-
erable systematic effort, yet this genus is still by
far one of the most systematically complex and
problemaltic genera of the brown algae (e.g.,
Chiang et al., 1992; Kilar et al., 1992a). Taxo-
nomic problems arise from the fact that many
early species descriptions were based on frag-
mentary specimens that did not reflect high
rates of phenotypic variability in key features,
a worldwide distribution, and a substantial
number of described species. Recent research
has attempted 1o better account for inherent
phenotypic variation (Ajisaka. 1992; Ajisaka et
al., 1994, 1997; Kilar, 1992; Kilar et al., 1992b),
vel species boundaries between many closely
related species are still poorly defined (Ajisaka.
1992; Phillips, 1998; Phillips et al., 2000a). For
example, insightful research on Atlantic and
Gulf of Mexico species has documented high
rates of phenotypic variability in several key
characters used to define species (Kilar and
Hanisak, 1988; Kilar, 1992; Kilar et al., 1992a).
This work unequivocally demonstrates that
boundaries between closely related species are
masked by phenotypic variability and that
some key features were of questionable value
(Kilar and Hanisak, 1988; Kilar, 1992; Kilar et
al., 1992a). Molecular markers have proved
uselul in such cases as Sargassum because they
provide an independent means by which to
evaluate species concepts (Phillips, 1998; Phil-
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Genus Subgenus  Section Subsection  Series
Arthrophycus
Phyllocystae
Repentia
Spongocarpus
Bactrophycus Teretia
Halochloa
jcae — hyll
Sargassum Zygocarpicae o~ Holozygocarpicae Carpophylleae
Pseudozygocarpicae = Cinerea
Fruticuliferae
Sargassum Malacocarpicae = Cymesae ACNARAR
Racemosae Glandulariae
Siliquosae
Phyllotrichia " o Glomerulatae Binderiana
Acant, icae
(Schizephycus) CORISCONIICRE . e ercitas Platycarpae

Fig. 1. Current systematic framework for Sargassum (.. Agardh as compiled from J. Aguardh (1843, 1889),
Grunow (1915—1916), Setchell (1931, 1933, 1936), Womersley (1954), and Abbott er al. (1988).

lips et al., 2000). Research applying molecular-
based characters to evaluate systematic con-
cepts and species boundaries in Pacific basin
Sargassum species made several fundamental
discoveries (Phillips, 1998; Phillips et al.,
2000). Most importantly, these analyses sup-
ported much (three) of J. Agardh's (1889) tra-
ditional subgeneric designations and all of the
secuonal designations in the subgenus Sargas-
sum. Yet molecular analyses showed fundamen-
tal inadequacies in subsectional to series des-
ignations in the subgenus Sargassum (Phillips,
1998; Phillips et al., 2000).

Many of the type species belonging to the
subscctions and series of the tropical subgenus
Sargassum were described east of the Isthmus
of Panama (see Taylor. 1960; Schneider and
Searles, 1991; Wynne, 1998). To expand the
Pacific-based phylogenetic analysis (Phillips,
1998; Phillips et al., 2000) and further test the
adequacy of sectional to series level designa-
tions, an ambitious effort was begun that will
eventually include all 19 of the east Isthmian
species in a global phylogenetic analysis for the
genus. This research effort includes extensive
seasonal field survey work to evaluate distri-
butional limits of Gull of Mexico species and
phylogenetic analysis based on ribulose-1, 5-bis-
phosphate carboxylase spacer region [or rbd.S
spacer region including flanking regions of the

genes encoding for the large (rbe.) and small
(rb8) subunits] of collected voucher speci-
mens. We herein report our progress in ad-
dressing global issues within the genus, in eval-
uating traditional species boundaries, and in
addressing biogeographic and phylogenetic hy-
potheses within coastal and pelagic species easl
ol the Isthmus of Panama.

METHODS

Field survey work and species collection.—Several
coastal sites were surveyed on a seasonal basis
from Port Aransas, TX, to Sarasota, FL, to de-
termine distribution limits of Sargassum species
in the northwestern Gulf of Mexico (Fig. 2).
Voucher specimens were collected from both
saxicolous populations and drift material at
these coastal sites and deposited at the LAF
herbarium (University of Louisiana at Lafay-
ette, lafayette, LA). Offshore pelagic beds
were surveyed during two separate oceanic
cruises to Stetson Bank, TX, and Sonnier
Bank, LA. Species were acquired from two lo-
calities in the Caribbean (Guadeloupe F.W.L
and the Panama Canal region) and from one
site in the Florida Keys, FL, for inclusion in the
phylogenetic analysis. Voucher material was
preserved both in the desiccant silica gel for
molecular analysis and in 5% formalin/seawa-
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Fig. 2. Map of the Gulf of Mexico depicting coastal and oceanic collection localities. Collection sites are

numbered us follows: 1 = Port Aransas, TX; 2 = Red Fish Bay, TX; 3 = Galveston, 1X; 4 -
TX: 5 = Sonnier Bank, LA; 6 = Grand Terre, LA; 7 = Tlomossassa, FL; 8

Sarasota, FI; 10 = Key Largo, FL.

ter for morphological characterization. Tradi-
tional morphological features and regional
keys (Taylor, 1960; Schneider and Searles,
1991; Wynne, 1998) were used to make initial
species determinations.

DNA extraction—Total DNA was extracted from
19 specimens representing eight species by a
modified CTAB method and included in a
comprehensive DNA collection for the genus
(Phillips et al., 2001).

Polymerase chain reaction (PCR) and automatic se-
quencing.—The chloroplast-encoded  rbelS
spacer region was amplified for all represen-
tative taxa by methods and with primers (CF,
CF-NEW, CR, CR-NEW) as reported in Phillips
(1998). PCR products were purified for se-
quencing reactions by PEG precipitation (Hil-
lis et al., 1996). Sequencing reactions were ac-
complished with the Big Dye scquencing kit
and protocol and run on an ABI Prism 310
genetic analyzer (PE Applied Biosystems, Fos-
ter City, CA). All PCR products (rbd S spacer
region) were sequenced in both directions.

Sequence and parsimony analysis—Sequence data
were compiled, viewed, and corrected within
the software program Sequencher (Gene
Codes Corp., Ann Arbor, MI). Sequences were
aligned by eye and placed in a global rbd.S

Stetson Bank,
Tarpon Springs, FL; 9 =

spacer region alignment for the genus. To ad-
dress broader biogeographic and phylogenetic
issues within the genus, rbdlS spacer region se-
quences from 22 Sargassum isolates were in-
cluded from several localities in the Pacific ba-
sin (see Phillips, 1998; Phillips et al., 2000)
along with those from 12 east Isthmian isolates
(Table 1). A detailed analysis of Pacific species
is already published, so results will focus on
east Isthmian species (Phillips, 1998; Phillips et
al. 2000). On the basis of the Pacific-based
analyses, Turbinaria ornata ]. Agardh (Sargas-
saceae) was used as the outgroup (Phillips,
1998).

Maximum parsimony analysis was accom-
plished with PAUP version 4.0b.1 (Swofford,
1998). Insertion/deletion events or indels, pre-
sent in the intergenic spacer (IGS) portion of
the rbelS spacer region were coded as present
or absent and placed at the end of the data set
(Phillips, 1998; Phillips et al., 2000). All search-
es were done under the Fitch criterion of
equal weights for all substitutions. Heuristic
searches were accomplished with 100 random
sequence additions, MULPARS, and nearest
neighbor reconnection swapping algorithm.
Trees found in the random searches were then
used as a starting point for further analysis with
MULPARS and tree bisection (TBR) untl
swapping was complete. Tree lengths were cal-
culated on all characters. Support for nodes
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- - -GACCTTTRAAAGCA . GCTTTAGATCATTGGARAGATATT . ACTTTTGAATATACTTCAACAGACACACCTGAT TPTGT TGAAGTAGCAACTGAARGT
» + « GACCTTTAAAAGCA . GCTTTAGATTTATGGAAAGATATT . ACCTTTGAATATACTTCAACAGATACACCTGATTTTGTTGAAGTAGCAACTGAARAT
- - -GACCTTTAAAAGCA . GCTTTAGATTTATGGARAGATATT . ACCTTTGAATATACTTCAACAGATACACCTGATTTTGT TGAAGTAGCARCTGAARAT
« « « GACCCTTAAAAGCA . GCTTTAGATCTATGGAAAGATATT . ACCTTTGAATATACTTCAACAGATACACCTGAT TTTGTTGAAGTTGCAACTGAARGT
- - GGACCTTTAAAAGCA . GCTTTAGATCTATGGARAGATATT . ACCTTTGAATATACTTCAACAGATACACCTGATTTTGTTGARGTTGCARCTGAAAGT
« « GACCTTTAAAAGCA . GCTTTAGATCTATGGAAAGATATT . ACCTTTGAATATACTTCAACAGATACACCTGATTTTGTTGAAGTTGCAACTGAAAGT
GCGEACCTTTARAAGCA . GCTTTAGATCTATGGAAAGATATT . ACTTTTGAATATACTTCAACAGATACACCTGATTTPGTTGAAGTAGCARCTGAARGT
++ « TTTAGATCTATGGARAGATATT . ACTTTTGAATATACTTCAACAGACACACCTGATTTTGTTGAAGTAGCARCTGALAAT
crsanraserssasaneases e TGGAAAGATATT . ACTTTTGAATCTA GATTTTGTTGAAGTAGCAACTGAAAAT
.............................. TGGAAAGATATT . ACTTTTGAATATACTTCARCAGACACACCT GATTTTGTTGAAGTAGCGACTGARAGT
« TGGAAAGATATT . ACTTTTGAATATACTTCAACAGACACACCTGATTTTGTTGAAGTAGCARCTGARAGT
TGGACAGATATT . ACTTTTGAATATACTTCAACAGATACACCTGATTTTGT PTGAAGTACCAACTGARAGT
+ « TGGAAAGATATT . ACTTTTGAATATACTTCAACAGATACACCTGATTTTGTTGAAGTAGCAACTGAAAGT
TGGAARGATATT . ACTTTTGAATATACTTCARCAGATACACCTGATTTTGTTGAAGTAGCAACTGARAGT
CTTTTGAATATACTTCAACAGATACACCTGATTTTGT TGAAGTACCAACTGAAAGT
« TTTAGATCTATGGAAAGATATT . ACCTTTGAATATACTTCARCAGATACACCTGATTTTGT TGAAGTAGCAACTGAMAGT
TATA . ACTTTTGAATATACTTCAACAGATACACCT GATTTTGTTGAAGTTCCAACTGAARGT
savarsesns s« TGGAAAGATATT . ACCTTTGAATATACTTCAACAGATACACCTGATTTTGTTGAAGTTGCAACTGAAAGT
TGGAAAGATATT . ACCTTTGAATATACTTCARCAGATACACC . GATTTTGTTGA . GTAGCARCTGAAAAT
TGGAAAGATATT . ACTTTTGAATATACTTCAACAGATACACCTGATTTTGT TGAAGTAGCAACTGAAAGT
CTTTTGAATATACTTCAACAGACACACCTGATTTTETTGAAGTAGCGACTGARAGT
TTTAGATCTATGGAAAGATATT . ACTTTTGAATATACTTCAACAGATACACCTGAT TTTGTTGAAGTAGCAACTGARAGT
« - COTTTGAATGTCCTCCAACAGATACACCTGATTTTGT TGAAGTAGCAACTGAAAAT
- -TT . ACTTTCGAATATACTTCAACAGATACACCTGAT TTTGTTGAAGTTGCAACTGARAGT
TGCGGACCTTTAAAAGCAGCTTTAGATCTATGGAAAGATATT . ACCTTTGAATATACTTCAACAGATACACCTGAT TTTGTTGAAGTTGCAACTGARAGT
TGCGGACCTTATTAAGCAGCTTTAGAACTATGGAARGATATT . ACCTTTGAATATACTTCAACAGATACACCTGAT TTTGTTGAAGTTGCAACTGARAGT
TGCGGACCTTTAAAAGCAGCTTTTGATCTATGGAAAGATATTACCTTTGAATATACTT . CAACAGATACACCTGAT TTTGTTGAAGTTGCAACTGAAAGT
TGCGEACCTTTAARAGCAGCTTTAGATCTATGGAAAGATATTACCT TTGAATATACTT . CAACAGATACACCTGAT TTTGTTGAAGTTGCAACTGAAAGT
TGCGEACCTTTAAAAGCAGCTTTAGATCTATGGAAAGATATTACCTTTGAATATACTT . CAACAGATACACCTGATTTTGTTGAAGTTGCAACTGAAAGT
TGCGOACCTTTAAAAGCAGCTTTAGATCTATGGAAAGATATTACCTTTGAATAT ACTTACAACAGATACACCTGAT TTTGTTGAAGTTGCTACTGAAAGT
TGCGGACCTTTAAAAGCAGCTTTAGATCTATGGAARGATATTACCTTTGAATATACTT . CAACAGATACACCTGATTTTGTTGAAGTTGCAACTGARAGT
TGCGAACCTTTAANMAGCAGCTTTAGATCTATGGAAAGATATTACCTTTGAATATACTT . CAACAGATACACCTGATTTTGTTGAAGTAGCAACTGARAGT
TGCGEACCTTTAAAAGCAGCTTTAGATCTATGGARAGATATTACCT I TGAATATACTT . CAACAGATACACCT GATTTTGTTCAAGTTGCAACTGAAAGT
TGCGGACCTTTAAAAGCAGCTTTAGATCTATGGAAAGATATTACCT TTGAATATACTT . CAACAGATACACCTGATTTTGTTGAAGTTGCAACTGAAAGT
TGCGAACCTTTAAARCCCGCTTTAGATCTATGGAAAGATATTACCT TTGAATATACTT . CGACAGATACACCT GATTTTGTTGAAGTAGCAACTCAANGT
TGTGAACCTTTAAARGCAGCTTTAGATCTATGGARAGATATTACCTTTGAATATACTT . CAACAGATACACCTGATTTTGTTGAAGTTGCAACTGAAAGT

101 200
rbel stop codon
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COTPAGATCTATTCTGTTCTGTAGTTTAAT # % # # # CTTTACTA* #* A A A # AR A a A n % * A TAAARGAACGGATTA *# v a vk # ¥ 2 # 2 x # % * ANTGAATTTT
CCTTARATTTATTCTATTCTATAGTGTAAT +# % # 4 TIDTACTAY #### 44+ %4 ¢4 4+ # ¥PARARGRACAGACT * ## # 4 44 # -+ 4w & 4+ 4 AATGAATTTT
ACCTARATCTATTCTGCTCTATAGTTTAAT # 4 % 4 # STTTTACTAR A% # 4 8 £ 44 4 4 4 4 % # ATARARGAGCAGACT # # % % # % # # % % % & # * AATGAATTTT
ARCTARATCTATTCTGTTCTACAGTTTAAT**+ ## # 4CTTTACTA* # 4+ # 44 &4+ &k + 4 4 TAAARGAACGGATT * # ¥ # % b & & # i d & & & 4 AATGAATTTT
AACTARATCTATTCTGTTCTACAGTTTART * * % # # ACTTTACTAN A% 4 % # 2 & 8 # 4 4 % & & VTAAARGAACGGATT* # # # 4 # % # ¥+ 4 #% + + * ANTGAATTTT
AACTARATCTATTCTGTTCTATAGTTTAAT**# 4 ## CDTTACTA® # 4+ #+## ¢ 4 44 &4+ 4 s PARARGRACGGATT * # 4 # 4 4 # &4 % 4 & & 4 &+ 4 AATGAATTTT
AACTAAATCTATTCTGTCCTACAGTTTAAT * * # %+ X CTPTACTAS ¥ # % # & # 4 £ 4 # # # 4 + ¥ D ARARGAATGGATT* # # # # # 4+ w s &k w4 &+ 4 AATGAATTTT
AACTAAATCTATTCTGTTCTACAGTTTAAT* A # 4 «OTTTACTA* d 2 Ak ddkabannn = *TARARGAACGGATT * **2aansnkdh a4+ ¥ RATCAATTTT
CCOPARACCTATTCTGTTCTA . AGTTTAAT* * ## # *COPTACTA* # ## #4# 4 &+ 4 4 44+ ¥ TARARGAACAGATT* #+ ¢ %+ ¢ & ¥ # & 4 ¢ 4 4 AGATGAATTTT
COTTAAACCTATTCTGTCCTATAGTTTAAT* # # & A kCTTTACTAN # &% # & 44 & & # 4% & A ATARARARACAGATT* * % £ # £ #4 k% 4+ 2 4 + *GATGARTTTT
CCGEARATCTATTCTGTTC* # # % # DITART* % # # + *CTITACTA® # ## # 4 # 4+ # 4 % # 4+ +TARAAAAACAGATT * #* # # & # 4 4 4 & % & 4 4 \GATGAATTTT
AACTAAATCTATTCTGTTCTACAGTTTAAT* Ak A % ACTTTACTAR A XA ¥R AN * & X 2% A ATAAAAGAACGGATT* * # % # % # & k¥ ++ % ¢ % # AAPGANTTTT
CCTPAGATTTATTCTATTCTGTAGTGTAAT* * # ## # PPITACTA® * ## #4444+ 4%+ 4 4 ¥TAARAGAACAGACT * * # # &4+ & kot & % % # 4 4AATGARTTTT
CACTAAATCTATTCTGTTCTACAGTTTAAT & # # ¥ ACTTTACTAS * £ A A4 A4 & 4 4 4 0 4 # ATAAARGAACGGATT * # %4 # 4 # 4 £ ¥ %%+ # + 4 ANTGARTT'TT
COCTARATCTATCCTGTCC S 4 44 4 TITART & % # 4k CTTTACGAS + # % # 4 & 4 &% ko ks & 4 TAARARAACAGATT* & # % # 4 & & & & % & & & & AGATGAATTTT
CCTTAAACCTATTCTGTTCTATAGTTTART* % # # * # CTITACTA® * ¥ * # 4 ## %% % %% # ¥ TAARARARCACATT* # # % # 4 # 4 #+4 %+ # 4 #GATGAATTTT
CCTTAAACCTATTCTGTTCTATAGTTTAATA # % # % # CTTTACTA**## A A # A # # &% &4 * ATAARAAARCAGATT* # # % A 4 & % £ 4 4 4 4 # # *GATGARTTTT
CCTTAAACCTATTCTGTTCTATAGTTTARTA # & # # 4 CTPTACTA* ¥ # 4 ## 4 #+ 4 42 4 # # ¥ PAARARARCAGATT * * # % # 4 &+ £ 44+ + & & +GATGAATTTT
CCTTARACCTATTCTGTTCTATAGTTTART A% & # # OTTTACTAR# # % A% &k &% 4% h % A TAARAAARCAGATT* # 4 % # 4 & & k% &% & & # *GATGAATTTT
CCTTAAACCTATTCTGTTCTATAGTTTTAT+** #+ # CIDTACTA* ##* 4+ + 4444+ 4« + 4 TAARAAARCAGATT ¥ # # %+ 4 &4 & 44 # & w4 *GATGAATTTT
CCTTARACCTATTCTGTTCTATAGTTTARTA & A # 4 # CTTTACTAS ## A A& & % # %% & # % ¥TAAARAARCAGATT* # # % # 4 & # # %44+ &+ *GAPGAATTTT
CCTTARACCTATTCTGTTCTATAGTTTART* # # &+ 4 CTTTACTA* ##*## 444 #aw s &4 4 TAARRAAACAGATT * # # # # 4 & % k% & # & & # *GATGAATTTT
COTEARACCTATTCTETTCTATAGTTTAAT * # # # % CTPTACTA* # #4424 4% # 4 %+ + A A TAARRAAACAGATT* * # 4 # 4 4+ # 24+ & » 4+ «GATGAATTTT
ARATAAATCTATTCTGTTCTCTAGTTTART # # %% & ACTTTACTAS # %44 K A4 4 4 4 & & 4 ATAARRARACAGATTA # # 4 # 4 # 4 £ % %%+ # + *GADGAATTTT
CCTPARACCTATTCTGTTCTATAGTTTAAT # * ## 4+ CTTTACTA* *## # &4+ 4+ #x k44 4 #TAAARAAACAGATT ¥ # # # # 4 & # £ % 4 4 & # & \GATGAATTTT
COTTARACCTATTCTGTTCTATAGTTTAAT* * # # # #CTTTACTA® ¥ # % 4 8 # 4 % 4 44 # & # ATAAARAAACAGATT* # # % # 4 &% £ ¥ # % & 3 *GATGAATTTT
ARCTARATCTATTCTGETTCTATAGTTTAAT* # % #+ + CTPTACTAY *## %+ # 4 4 % 4 444+« * PR ANRARACAGATT* # # % # 4 & & ke & # & # & 4GATGAATTTT
COTTARACCTATTCTGTTCTATAGTTTAAT*## # # * CTTTACTAA A4 # 4 # % # 4 4 4 4 4 % # 4TARAARAAACAGATT* * # ¥ # 4% % ¥ ¥ 4% % # * +GATGAATTTT

201 300
**ART*CTTTT* TAATA*CTTTACATTA* AAATAAAAAACATAARAAGTTTGOTAGTTARACTAAAAATARAACTAARATATTT * ACATTAGATAARAGAA
**AAT*CTTTT* TAATA*TTTTACATTA* AAACAAAAGACATAAAAAGTTTGGTAGTTAACTAARAATAAAATTAAAATATTT * ACATTAAATAAAATAA
**ARCACTTTT * TAATA* TTTTACATTA * AAR AAAAAGACAT AAAAAGTTTGGCTAGTTARCTAAAAATARAATTAARATATTT *ACATTAAAATARATAR
*+*AAT*CTTTT* TAATA*TTTTACATTA * AAACAAAAGACATAARAAGTTTGGTAGTTAACTAAAAATAAMATTAAAATATTT *ACATTAAATAARATAR
** AAT*CTTTT * TAATA * TTTTACATTA *AAACAAAAGACATAAAAAGTTTGCTAGTTAACTAARAATARAAATTAAAATATTT *ACATTAAATAAAATAA
*+*AAT*CTTTT*TAATA* TTTTACATTA*AAACARAAGACATAGAAAGCTTGGTAGTTAACTAAAAATAAAATTAAAATAT TT *ACATTAAATAARATAR
**AAT*ATTTT* TAATA* TTTTACATTA *ARATAAAAGACATAAAAAGTTTGCTAGTTARCTAARAATAARATTAARATATTT * ACATTAAATAAAATAA
**AAT*CTTTT* TAATA* TTTTACATTA*AAACAAARGACAGAAAAAGTTTAGTAGTTAACTAAAAATAAAAT TAAAATATTT * ACATTAAATAAAATAR
**AAT*CTTTT*TAATA* TTTTACATTA*ARACARA ARN ACTAARAATAAAATTAAARTATTT * ACATTAAATAAAATAN
**RAT*CTTTT*TAATA* TTTTATATTA* AR AR GTTAACTAARAATAAAATTAAAATATTT * ACATTAAATAAAATAA
++*AAT*CTTTT*TARTA* rmmwn-mmumuumma@ummmmuwmaﬂammm *ACATTAAATAAAATAA
S RAATH “A *TTTTACATTA*AAATAAAAGACAT ARRAAGTTTCGTAGTTARCTAAAAATAAAATTAAAATATTT * ACATTARATAARATAA
**AAT* am'mmma *AMAATAAARGACATAMAAAAGTT . GGTAGTTAACTAARAATAAAATTAAARTATTT *ACATTAAATAARATAA
*# ARTHTTTTT # PARTA * TTTTACATTA * AAATAAAAGACATAAARAGT T TGETAGTTAACTAARARTAARATTAAAATATTT * ACATTARATAAAATAA
**AAT*ATTTT *TAATA*TTTTACATTA*ARATARAAGACATAAAAAGTTTGGTAGTTAACTAARAATRARATTAAAATATTT *ACATTARATARRATAR

rbel S spacer region alignment exhibiting seven indels with the Hawaiian—Guam—Gulf of

Mexico specific indel highlighted in gray. Geographic codes with the lirst and last letter ol the site follow

taxon names with PEL

pelagic, ¥ = gaps; and ® — missing characters.
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§.patensdpP
S.palmericCa
§.piluliferumJP
8.8p.MA

5.8p.TA
8.thunbergiiCH
8.polycystumGM
8.polycystumMA
8.8p.KL
S.acinaylumTX
8.5i1liquosumMA
8.polyceratiumPA
S.8p.PA
8.polyceratiumPA
8.hystrixpPa
8.filipendulaFL
8.platycarpumGP
B.fultansPEL
8.polyceratiumGP
8.platycarpumPh
S.natansPEL

T.ornataHl
§.duplicatumlp
8.myriocystumMi
8. polyporumJP
§.obtusifoliumHl
S.polyphyllumHI
§.echinccarpuml
S.mutlicumCH
§.muticumCh
8.thunbergiiJr
S.fallaxhU
8.echinocarpumhl

S.cristaefoliumGM

8.echinocarpumil
B.binderiJP
8.patenaJpP
8.palmeriCA
S.piluliferomJp
8.8p.MA

5.ap.TA
B.thunberqiiCh
8, polycystumGM
8.polyoystumMA
S.s8p.KL
8.acinariumTX
8.siliquosumMA
§.polyceratiumPA
B.sp.PA
8.polycerat iumPA
8.hystrixPA
s.filipendulaPL
8.platyoarpumGP
§.fuitansPEL
8.polycerat iumGP
S.platycarpumPh
8.natansPEL

&% AAT* ATTTT * TAATA * TTTTACATTA* AAATAAAAGACATAAAAAGTTTGGTAGTTAACTAAAAATARAATTAARATATTT * ACATTARATARAATAR
# % AATACTTTT* TAATA *TTTTACATTA * AARCAAAAGACAT ARARAGTTTGGTAGTTAACTAARAATARAATTAARATATTT *ACATTAAATARAATAA
#4 AAT*CTTTT* TAATA *TTTTACATTA* ANACAAAAGACATARAAAGTTTGGTAGTTAGCTAAAAATARARTTAARNTATTT * ACATTAAATARAATAA
*#% RAC*CTTTT *TAATA * TTTTACATTA * ARACARARGACATAAAAAGTTTGGTAGTTAACTARARATAAANT TAAAATATTT “ACATTAAATAARATAA
*# AAT*ATTTT* TAATA * PTTTACATTA *AAATAAARGACATARAAAGT TTGGTAGTTAACTAARAATAAAATTAAARTATTT * ACATTARAATAARATAR
+% AAT*CTTTT * TAATA * PTTTATATTA* AGACAAAAGATAGA . AAAGTTTAGTAGTTAACTCARAATTAAATTAAAATATTT * ACTTTAAATARAATAA
A% AAT*ATTTT* TAATA * PTTTACATTA * AAATAAARGACATARAAAGTTTGGTAGTTARCTAARRATARARTTARAATATTT* ACATTARATAGRATAA
#%AAC*CTTTT* TAATA * PTTTACATTARAAAARAAAGACTTARAA . GTTGGGTGT TAACCTAAAARTAAATTTARRT TTTTA* CCTTTARATTATATAR
##*AAT*CTTTT* TAATA *TTTTACATTA * AAACAGAAGACATARAARGTTTGGAAGTTARCTAARAATAAARTTARARTATTT * ACATTARATARRATAR
#+ ART » ERAAIERARER T TTTACATTA *AAACAARAGACATARAAAGTTTGCTAGTTAACTAARAATARARTTARAAATATTT * ACATTAARTAARATAR
**ART*TTTTT *TAATA *TTTTACATTA* AARCAARAGACAT AGAAAGT TTGGTAGTTAACTAARAATARAATTAAAATATTT “ACATTAAATAARATAR
# % AATACTTTT* TARTA* TTTTACATTA*AARCAARAGACATARAAAGTTTGGTAGTTAACTAARAATAAARTTAARATATTT *ACATTAAATAARATAR
* 4 AAT*CTTTT*TAATA *TTTTACATTA*AARCAAAAGACATAAAAAGT TTGGTAGTTAACTAAAARTARAATTAARATATTT * ACATTAAATAAAATAA
# £ ART*CTTDT* TAATA * PTTTACATTA* AARCARAAGACATARAAAGTTTGGTAGTTARCTAARAATARAATTAAAATATTT * ACATTAAATAAAATAR
+*\AT#CTTTT* TAATA * PTTTACATTA*AAACAAAAGACATAAAAAGTTTGGTAGTTARCTARAAATARAATTAAAATATTT * ACATTAAATAAAATAA
# % AAT* HESFREF 0D+ TTTTACATTA *AAACAAAAGACATAAARAGTTTGGTAGTTAACTAARAATAARAATTAAARTATTT * ACATTARATAARATAA
#%AAT*CTTTT # TAATA * TTTTACATTA*AAACAAAAGACATAAARAGT TTGGTAGTTARCTARAAATAARATTAAARTATTT A ACATT ARATARMATAA
#33% F4¥# #A* TTTTACATTA *AAACAAAAGACATARAAAGTTTGATAGTTAACTAARAATAAAATTARAATATTT *ACATTAAATARARTAA

AR A + TTTPACATTA* ARACAAARGACATARARAGT TTGGTAGTTARCTAAAARTAARATAARATTATTT * ACATTAARTAARATAR
* % AAT*CTTTT* TAATA * PTTTACATTA* AAACAAAARACATAAAAAGT TTGGTAGTTARCTAARAATAAAATTARAATATTT * ACATTAAATAARATAR
#% AAT*CTTTT* TAATA* PTMTACATTA * AKACAAAAGACATAARAAGT TTGGTAGTTAACTAARAATAAAATTARAATATTT * ACATTAAATAAAATAR

a0l 389
rbeg start codon

TTGAAGAGTAMPGAGACTTACACAAGGATGTTTTTCATTTTTACCAGATTTAAGT GACGAGCAAAT TAAARATCAAGT TG -+ —+++—. .
TTGRAGAGTAATGAGACTTACACAAGGATGTTTTTCATTTTT ACCAGATTTAAGTGATGACCAGAT TAAAAAT CARGTTG H+++4—- .
TTGAAGAGTAATGAGACTTACAC PP PCATTTTTACCAGAT TTAAGTGATGAGCAGAT TARARAT CARGTTT++++++—. .
TTGAAGAGT ARTGAGACTTACACAAGGATGTTTTTCATTTITACCAGATTTAAGTGATGAGCAAAT TARACATCAAGTTG—H+++—. .
TTGAAGAGTAATGAGACTTACAC TTTCATTTTTACCAGATTTAAGTGATGAGCAAATTARACATCARGT TG +++++ - .
TTGAAGAGTARTGAGACTTACACAAGGATGTTTTTCATT T TACCAGATTTAACT GATGAGCAAATTARACATCAAGTTG—+1+++—. .
TTAAAGAGTANFGAGACTTACACAAGGATGTTTTTCATTTTTACCAGATTTAAGTGACGAGCAARTTARAAGTCAAGT TG +++4 - .
TTGAAGAGTA CTTAC.CA TEPTCATTTTTACCAGATTT AAGTGACGAACARATTARACATCARGTTG-+++++—. .
TTGAAGAGTAATGAGACTTACACARGGATGTTTTTCATTTTTACCAGAT TT ARGTGACGRACAAATTARACATCAAGTTG -+ tHH+—..
TTGAAGAGT AMPGAGACTTACACATGGATG T T I TTCATTT TTACCAGAT TTAAGTGACGAACRAAT TARACATCAAGTTG-+++++—. .
TTGAAGAGT AATGAGACTTACACAAGGATGTTTTTCATTTTTACCAGATTT AAGTGACGAGCAART TAARAATCAAGTTA- +++++—, .
TTGAAGAGTAATGAGACTTACCCAGGGATGT PP CCATTT TTACCARATTTAAGTGACGAGCAAATTAARAGT CARGT TG - +++++. .
TTGAAGAGTARTGAGACTTACACAAGGATGTTTTTCATTTTTACCAGATTTAACTGACGAGCAART TAAAAGTCAAGTTG—+H++++., .
TTGAAGAGTAATGAGACTTACACAAGGATGT T M T TCATTTTTACCCAATTTAAGTGACGAGCARATTAARAGTCAAGTTG - +++4 —. .
TTGAAGAGTARTGAGACTTACACAAGGATGTTTT . CATTTTTACCAGATTTAAGT GACGAGCAAAT TAAAAGTCAAGTGG ~+++T+—. .
T GAAGAGTAATGAGACTTACACAAGGATGTTTTTCATTTTTACCAGATTTAAGTGACGAGCAMAT TARACATCAAGTTG~ t++ 44 —. .
TTGAAGAGTAATGAGACTTACACAAGGATGTTTTTCATT T TTACCAGATTT AACTGACGAGCAAAT TAAACGTCAACTGE~ T+ ++-. .
TTGAAGAGTAATGAGACTTACACAAGGATGTTTTTCATTTTTACCAGAT T TAAGTCATGAGCARAT TARACGTCARGTGG — +++i+—. .
TTGARGAGTAAMPGAGACTTACACAAGGATGTTTTTCATT PPTACCGGATTTAAGTGATGAGCARAT TARAR . TCAR . TGG++i+++-. .
TTGAAGAGTAAPGAGACTTACACARGGATGTTTTTCATTTTTACCAGATTTAACTGACCGAGCAARTTAAAAGTCAA . TEG—+H+4+—.

TTGAAGAGTAATGAGACTTACACAAGGATGTTTTTCATTTTTACCAGATTT AAGTGACGAACAAAT TARACATCARGT TG —+H+++—. .
-f-rsaammmc-mmmmmmwmncmmmmmcmmrc-ru-rcmmcm+++ e
TGGARAATTAATGAGACTTACCCCGGGATGTTTTCCATTTTTACC . (ATT. ..o v v v v stassssatnensrasaanan ik S
ﬂmmMﬂWWWWWTWTMMﬂMRTmGTT@ L L R
TTEAAGAGTAATGAGACTTACACAAGGATGTTTTTCATTTTTACCAGTTTTAAGTGATGAGCAAAT TARACAT CAAGTTG—++++++. .
wmr.ncTumﬂnmwmmmmmmmmmwmmcmmms—+ -
TTGAAGAGTAATGAGAC TTACACAAGGATGTTTTTCATTT T TACC. ARATTARACATCAAGTTG—+++++-.

MMGTMMNTMMMWMMMTMWWCATWMG-++++-—

TTGAAGAGTAATGAGAC TTACACAAGGATGTTTTTCAT TT I TACCAGATTTARGTGATGAGCAAAT TARACATCAAGTTE - ++++ 4 -

TTMAGTMMCHMTMQWWWTGAGCMATTMATCMGTTG—+++++— o
TTGAAGAGTARTGAGACTTACACAAGGATGTTTTTCATTTTTACCAGATTTAAGPGATGAGCAART TAAACATCARGT TG+ +++++. .
TTGAAGAGTANTGAGAC TTACACAAGGATCTTTTTCATTTTTACCAGATTTAAGT GATGAGCAART TARACAT CAAGT PG—+++++—, .
TTGAAGAGTAATGAGACTTACACH TTMTCATTTTTACK TTAAGTGATGACGCAAAT TARACAT CAAGTTG—++++++. .
TTGAAGAGTAATGAGACTTACACAAGGATGTTTTTCATTTTTACCAGATTTAAGT GATGAGCARRT TRAACATCAAGTTG-++++++.
TTGAAGAGTAATGAGACTTACACAAGGATGTITTTTCATTTTTACCAGATTTAAGTGATGACAAAT TAARARTCARGTTGG—++4++—. .
TTGAAGAGTAATGAGACTTACACAN TTAAGTGATGAGCAAATTARAATCAAGTTGE - +++++-. .

GTTTTTCATTTTTACC

Fig. 3.

Conunued,

was accomplished with bootstrap proportion
values (Felsenstein, 1985) based on 1,000 re-
samplings of heuristic searches with MULPARS
and the TBR swapping algorithm,

RESULTS

Field survey work—Only three saxicolous spe-
cies (Sargassam filipendula C. Agardh, Sargassum
acinarium (L.) Setchell, Sargassum mathiesonii
Kilar) were found in coastal sites from Port
Aransas, TX, to Sarasota, FL. In the offshore
pelagic Sargassum beds surveyed at Stetson
Bank, TX, and Sonnier Bank, I.A, three mor-
photypes were found. Two of these morphoty-
pes fit traditional species descriptions for Sar-
gassum natans (L.) Gaillon and Sargassum flui-
tans Bergesen, with one exemplifying an inter-
mediary morphology (see Taylor, 1960;

Schneider and Searles, 1991). Our preliminary
field survey data suggested that five species and
a nondescribed morphotype in the pelagic
beds occupied the upper northwestern Gulf of
Mexico.

Molecular analyses—Nineteen samples repre-
senting eight species and several biogeograph-
ic isolates for the Gulf of Mexico and Carib-
bean were successfully extracted for total cel-
lular DNA and included in a data set compris-
ing 24 Pacific basin isolates (Table 1). Twelve
of the 19 extracted DNAs were successfully am-
plified for the 7bd.S spacer region. Twelve PCR
products were sequenced and included in the
present phylogenetic analysis (Table 1). All se-
quences were unambiguously aligned and in-
cluded 400 characters, with 269 characters con-
stant characters, 64 variable uninformative
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characters, and 64 informative characters (Fig.
3). The east Isthmian isolates were found to
share the order- and familyspecific indels
found in the Pacific taxa, as shown in Figure
3, along with sharing an indel with four of the
Hawaiian/Micronesian isolates (Fig. 3) (Phil-
lips, 1998). The IGS region within Sargasssum
species ranges from approximately 140 to 161
depending on indel events, whereas for 7. or
nata, the IGS region was 166 bases. Twenty
equally most parsimonious trees (length =
202, Consistency Index = 0.728, Retention In-
dex = 0.272, Rescaled Consistency Index =
0.617) were obtained with bootstrap values
mapped on the phylogram with the most com-
mon topology (Fig. 4).

All east Isthmian species are classified in the
subgenus Sargassum, with S, acinarium (L.)
Setchell in the Malacocarpicar section, Racemo-
sae subsection, Acinariae series and . filipendula
C. Agardh in the same section and subsection
but in the Siliquosae series (Table 1). The other
species are classified in the Acanthocarpicae sec-
tion, Glomerulatae subsection in the Binderiana
or Plalycarpae series (Table 1) (J. Agardh,
1889). All east Isthmian isolates included in
the molecular analysis branch within the sub-
genus  Sargassum, afﬁrming their traditional
subgeneric classification (]. Agardh, 1889).
Consistent with its traditional classification, the
isolate representing S. acinarium clustered with
Malacocarpicae species, but the subsection (Ra-
cemosae) and series (Acinariae) level ranks were
not resolved (Fig. 4). The other easi Isthmian
isolates clustered in a biogeographic unit sep-
arate from the Pacific basin Malacocarpicae spe-
cies in a topology incongruous with their tra-
ditional placement. Ten of these 11 isolates
formed a highly diverged (10 base pairs), well-
supported internal clade. Aside from the Sar-
gassum platycarpum clade, little internal struc-
ture was present to support subsectional or se-
ries level ranks. Lack of clustering of the Sar-
gassum polyceratium Montagne and Sargassum
echinocarpum |. Agardh isolates suggested poly-
phyly for these species (Fig. 4).

In terms of overall systematic inferences
within the genus, three of the four subgeneric
designations, but not that of Phyllotrichia, were
supported in the phylogeny (Fig. 4). The three
sections (Acanthocarpicae, Malacocarpicae, Zygo-
carpicae) of the Sargassum subgenus were well
supported, but the Malacocarpicae section ap-
peared polyphyletic (Fig. 4). Further support
for the basal branching of the tropical subge-
nus was obtained beyond a Pacific-based phy-
logenctic analysis (Phillips, 1998; Phillips et al.,
2000a). The Acanthocarpicae species formed an-

other well-supported clade but with little inter-
nal resolution of series designations or species
boundaries. Confirming the traditional classi-
fication, the Baetrophycus species clustered to-
gether in a wellsupported group sister to Ar-
throphycus subgenus.

DIsSCUSSION

Inferences about distributional limits of Sar
gassum within coastal regions of the Gulf of
Mexico are limited at this time to the north-
weslern and northeastern regions between
Port Aransas, TX, and Sarasota, FL. In these
regions, preliminary field survey work suggests
a significant reduction in species diversity over
reported records (sce Taylor, 1960; Schneider
and Searles, 1991; Wynne, 1998), but the data
must be considered cautiously until more com-
prehensive fieldwork is accomplished. Future
field research efforts will include more season-
al data and southern regions of both Texas and
Florida, providing a comprehensive distribu-
tion map for Sargassum species within the Gulf
ol Mexico.

Extensive pelagic beds of Sargassum occur in
both the Gulf of Mexico and the Atlantic basin
(Taylor, 1960; Schneider and Searles, 1991;
Wynne, 1998). These beds comprise diverse
and complex ecosystems that are of consider-
able ecologicul significance (e.g., Stoner and
Grecning, 1984; Philips and Zeman, 1990; Cal-
der, 1995; Stachowicz and Lindquist, 1997;
Schofield et al., 1998). Yet, this is the first study
to evaluate the specific composition of the pe-
lagic beds and the relationships of these to oth-
er coastal Sargassum species with molecular
tools. Three morphotypes (one wide, one nar-
row, and one intermediary) were found to
compose offshore pelagic beds. On the basis
of morphological features, the wide morpho-
type fits the S. fluitans Borgesen concept, the
narrow morphotype fits the S. natans (L.) Gail-
lon concept, with the intermediary morphoty-
pe of uncertain specific standing. Preliminary
molecular analysis including isolates for both
the wide and narrow morphotypes supports
these morphotypes as two separate species and
provides some exciting insights into possible
relationships between the wide morphotype (S.

Sluitans) and the coastal species. Although

weakly supported, the 8. fluitans isolale clusters
with the isolates of S. polyceratium and S. filipen-
dula and shares a Pacific-specific indel. This ey-
idence suggests a shared evolutionary history
between these three species yet provides lim-
ited insight into species boundaries. Future ex-
panded analyses will aid in testing boundaries
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= Turbinaria ornata Hawaii
Sargassum duplicatum Japan
96 | o7 Sargassum myriocystum Japan
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F

Sargassum polycystum Malaysia

61 | = Sargassum polyceratium Guadeloupe F.W.I.

AC

Globul bl S spacer region phylogram based on 36 aligned sequences including the outgroup

Turbinaria ornata |. Agardh. Bootstrap values represent percentages based on 1,000 replications of the re-
sampled data (Felsenstein, 1985). Numbers of base pair changes for specific nodes are in parentheses.
Sequences representing the subgenus Phyllotrichia are asterisked, sequences representing the Gult/Carib-
bean are underlined, M represents sequences for the Malococarpicae section, AC represeuts sequences for
the Acanthocarpicae section, 7 represents sequences for the Zygocarpicar section, B represents sequences lor

the subgennus Bacrophyeus, and A represents sequences for the subgenus Arthrophycus.
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between these three pelagic morphotypes and
the coastal species.

This expanded global parsimony analysis in-
cluding additional species in the sections, sub-
sections, and series of the pantropical subge-
nus Sargassum has provided new insights into
the systematics and biogeography of this ge-
nus. Preliminary analyses indicate that 10 of
the 12 isolates for the Gulf of Mexico and Ca-
ribbean form a separate, wellsupported spe-
cies group, inconsistent with traditional sec-
tional to series designations for the species in-
cluded within this group. This result, along
with a shared Pacific-specific indel, suggests a
close but independent evolutionary history for
these species as compared with Pacific basin
Malacocarpicae species and reflects a history not
dictated by systematics but by biogeography. It
also brings into question the validity of these
systematic designations and the morphological
characters on which they are based. If this
trend is substantiated in subsequent expanded
analyses, sectional to series level designations
will need 1o be seriously re-evaluated. But,
more excitingly, if the Gulf/Caribbean species
remain in a biogeographic unit, this may cn-
able us to utilize the close of the Isthmus of
Panama to time speciation events within Sar-
gassum. The Gulf/Caribbean taxa also seem Lo
share biogeographic affinities with the Califor-
nian endemic species Sargassum palmeri, as do
the Malacocarpicae and Zygocarpicae Pacific spe-
cies (Phillips, 1998; Phillips et al., 2000).

As lo establishing clear species boundaries
between closely related east Isthmian or Pacific
Sargassum subgenus species, the sequence data
unfortunately provide little additional resolu-
tion except for affirming the specific standing
of 8. platycarpum and the two pelagic morpho-
types. These data also suggest that S. polycera-
tium of the Gulf of Mexico/Caribbean is poly-
phyletic as is 8. echinocarpum of the Pacific as
currently described. Hopefully, future expand-
ed analysis based on both morphological and
molecular characters will aid in establishing
species boundaries within this polymorphic
and difficult genus in both ocean basins.

By expanding the Pacific basin analysis to in-
clude the Gulf of Mexico/Caribbean species,
we obtained confirmation of the systematic
and phylogenetic trends that were observed in
the Pacific basin analysis (Phillips, 1998; Phil-
lips et al., 2000) while obtaining greater reso-
lution of the basal relationships of the subge-
nus Sargassum. As we continue to expand these
analyses, hopefully more and more exciting re-
sults will unfold and aid us in meeting our
long-term systematic and phylogenetic re-

GULF OF MEXICO SCIENCE, 2000, VOL. 18(2)

search goals within this species-rich and diffi-
cult genus.
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