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Abstract The evaluation of geographic distribution of Pyropia
along the Gulf of California, Mexico, was realized using molec-
ular data from two loci, the plastid rbcL gene and the partial 18S
ribosomal DNA (rDNA), in conjunction with morphological
observations. Dawson described two endemic species for the
genus Pyropia (Pyropia hollenbergii and Pyropia pendula) in
the Gulf of California based on taxonomic characteristics. In this
study, we collected 130 samples from 13 locations from
February 1998 to April 2008. Samples showed similar morphol-
ogies and growth habits and share a very similar type descrip-
tions and habitat records. Using morphological and anatomical
characteristics, we identify individuals as P. hollenbergii and
P pendula. However, using the molecular data, we identified
five identities, which we have classified as P. hollenbergii,
P, pendula, Pyropia sp. Gulf of California I (GCI), Pyropia sp.
GCII, and Pyropia sp. GCIII. Phylogenetic trees based on partial
18S rDNA and rbcL sequence data showed a deep division in
the genus that is not obviously correlated with existing morpho-
logical characteristics and indicate that representatives of the
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Gulf of California flora have undergone long reproductive
isolation.
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Introduction

The genus Pyropia J. Agardh comprises seven species along the
Northern Mexican Pacific (NMP), including the Gulf of
California: Pyropia gardneri (G. M. Smith et Hollenberg) S. C.
Lindstrom, Pyropia hollenbergii (E.Y. Dawson) J.E. Sutherland,
L.E. Aguilar Rosas et R. Aguilar Rosas, Pyropia lanceolata
(Setchell et Hus) S.C. Lindstrom, Pyropia pendula (E.Y.
Dawson) J.E. Sutherland, L.E. Aguilar Rosas et R. Aguilar
Rosas, Pyropia perforata (J. Agardh) S.C. Lindstrom, Pyropia
suborbiculata (Kjellmann) J.E. Shutherland, H.G. Choi, M.S.
Hwang et W.A. Nelson, and Pyropia thuretii (Setchell et E.Y.
Dawson) J.E. Sutherland, L.E. Aguilar Rosas et R. Aguilar Rosas
(Dawson 1944; 1953b; Gabrielson et al. 2000; Hawkes 1977,
1978; Hollenberg 1943; Norris 1975; Sanchez-Rodriguez and
Fajardo-Leon 1989; Scagel 1957; Smith and Hollenberg 1943).
Three of the seven Pyropia species are recorded for the Gulf
of California, P. thuretii, P. hollenbergii, and P. pendula; the last
two species are endemic of the Gulf of California. P, thuretii has
been reported from Cabo Colonett, Baja California (BC), to
Punta Galeras, Baja California Sur (BCS), within the Gulf of
California (Abbott and Hollenberg 1976; Aguilar-Rosas and
Aguilar-Rosas 2003; Aguilar-Rosas et al. 2004; Hawkes 1981;
Norris 1975; Paul-Chavéz and Riosmena-Rodriguez 2000;
Riosmena-Rodriguez and Paul-Chavéz 1997; Rocha-Ramirez
and Siqueiros-Beltrones 1991; Rodriguez-Morales and
Siqueiros-Beltrones 1999; Scagel 1957). P. hollenbergii has been
reported at four localities in the Gulf of California, from Bahia
Bocochibampo, Sonora (Son), to Isla San Idelfonso, BCS, to
Nopolo, BCS (Aguilar-Rosas et al. 2007a; Dawson 1953a;
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Espinoza-Avalos 1993; Mateo-Cid et al. 2000; Norris 1975;
Paul-Chavéz and Riosmena-Rodriguez 2000; Riosmena-
Rodriguez and Paul-Chavéz 1997). P. pendula has been reported
at six localities from Isla Patos, Son, to Isla Partida, BC, to Los
Planes, BCS (Aguilar-Rosas et al. 2004; Dawson 1953a) (Fig. 1).

The Gulf of California, Mexico, which has an unusual mix of
tropical and temperate taxa, shows an extraordinary level of
biological diversity, including numerous endemic organisms in
both land and coastal marine flora and a variety of habitats and
unique ecosystems (Brusca et al. 2005; Phillips and Wentworth-
Comus 2000). Espinoza-Avalos (Espinoza-Avalos 1993) report-
ed 20 % endemism in seaweeds for this arca which are

distributed in three main regions: northern, central, and southern.
This division corresponds with other studies on fishes (Thomson
and Gilligan 1983), invertebrates (Brusca 1980), scagrasses
(Mupiz-Salazar et al. 2005), mangroves (Sandoval-Castro et al.
2012), and chlorophyll concentrations (Santamaria Del Angel
et al. 1999). The first collection of marine seaweeds along the
Gulf of California was at the end of the nineteenth Century and
in the early twentieth Century. Most of the seaweeds were
documented by Howe (Howe 1911) and Setchell and Gardner
(Setchell and Gardner 1924), from expeditions of the Academy
of Sciences of California and private collections (Espinoza-
Avalos 1993; Norris 1975). Dawson (1944, 1953b) described

Fig. 1 Distributional map of
Pyropia hollenbergii (Punta
Chivato (PC) and Bahia Agua
Verde (BAV)) (lettering in green);
Pyropia pendula (Isla Partida
(SR) and Isla San Pedro Martir
(IPM) (lettering in red); and new
entities Pyropia sp. GCI (Isla
Espiritu Santo (IES), Isla San José
(ISJO), Punta Las Galeras (GAL),
Punta Coyote (COY) and Punta
Arenas (PAR)) (lettering in
black); Pyropia sp. GCII (Las
Cruces (LCR)) (lettering in blue)
and Pyropia sp. GCIII (Isla Patos
(IPS), Isla El Choyero (PCY) and
Isla San Pedro Nolasco (ISPN)
(lettering in purple); along the
Gulf of California

— 32°

24°

117°

@ Springer

111°



J Appl Phycol

and studied specimens collected by the previous expeditions and
carried out 20 expeditions around the Gulf of California.
Dawson was the one who contributes more to the knowledge,
distribution, and ecology of seaweeds of the Gulf of California,
with 15 works published between 1941 and 1966. Since 1970
most of the studies have been by Mexican scientists (Aguilar-
Rosas and Aguilar-Rosas 2003; Aguilar-Rosas et al. 2004,
2007a; Dawson 1944, 1953b; Krishnamurthy 1972; Norris
1975; Scagel 1957).

Morphological identification of Pyropia taxa has been
difficult because of the paucity of morphological charac-
teristics available for species recognition and the high
level of plasticity present in response to environmental
variables such as temperature and wave exposure.
Intensive sampling and molecular studies have revealed
extensive cryptic speciation within the genus at the
southern hemisphere (Broom et al. 1999, 2004; Jones
et al. 2004; Sutherland et al. 2011). The use of molecular
sequence data has been a critical tool for taxonomic
studies to test hypotheses about species identity, mainly
where both phenotypic plasticity and morphological con-
vergence are in evidence at the species level; the molec-
ular data have provided an efficient means of sorting
specimens after the initial recognition of morphological,
ecological, and distributional forms. The 3’ region of the
nuclear small subunit ribosomal RNA (nSSU) ribosomal
DNA (rDNA) (Saunders and Kraft 1994) spans approx-
imately 450 bp and includes the V9 variable region of
the gene (Neefus et al. 1993) which has been found to be
a useful proxy for overall variation in the whole nSSU in
Pyropia (Broom et al. 1999). Several authors have sug-
gested the use of 18S rDNA exon sequence data for
species discrimination in Pyropia (Broom et al. 1999;
Oliveira et al. 1995). The 18S rDNA is one of the most
slowly evolving sequences found through living organ-
isms (Hillis and Dixon 1991). However, a significant
amount of variation at this locus has been detected and
has been used to discriminate effectively between species
of Pyropia (Kunimoto et al. 1999; Nelson and Broom
2010; Oliveira et al. 1995).

In this study, we present analyses of Pyropia
(Bangiales, Rhodophyta) collected along the Gulf of
California. The genus had been recorded previously in
this region; however, this is the first time using molec-
ular tools. We have used molecular data from two
loci—the plastid rbcL gene and the 18S ribosomal
RNA gene—to support and confirm morphological spe-
cies groupings and to determine the phylogenetic affin-
ity of these taxa with respect to other Bangiales species.
The present study adds to understanding of Gulf of
California flora, identifies likely endemics, and adds to
our growing understanding of the complexity of Pyropia
distributions in the Gulf of California.

Materials and methods
Study area

Foliar phases of Pyropia were sampled at 13 localities around
the coast of the Gulf of California from February 1998 to April
2008. The geographic locations of these localities are present-
ed in Table 1 and Fig. 1. Three to six individuals of Pyropia
were collected manually from each locality during low tides.
Specimens were pressed as herbarium vouchers, and subsam-
ples were dried in desiccant silica gel for subsequent DNA
analysis and lodged in the herbarium of the Universidad
Autonoma de Baja California Sur (FBCS). Table 1 gives the
collection details and voucher numbers of specimens included
in the study.

Taxonomic analysis

Plants were identified according to diagnostic criteria using
the following characteristics: (1) number of cell layers and
chloroplasts, (2) leaf margin, (3) shape of the blade, (4)
structure of the basal part, (5) thickness of the blade, (6) color
of the blade, and (7) sexuality and other characteristics
(Dawson 1944, 1953b; Krishnamurthy 1972; Kurogi 1972;
Yoshida 1997).

DNA extraction

Genomic DNA was extracted from approximately 0.02-0.04 g
dry weight of dry tissue using the hexadecyltrimethylammonium
bromide/polyvinylpyrrolidone (CTAB/PVP) protocol of Stewart
and Via (1993), modified by Muiiiz-Salazar et al. (2005). Tissue
was crushed using a sterile homogenizer and dry ice. The pow-
dered tissue was suspended in approximately 0.85 volumes of
CTAB/PVP lysis buffer and incubated at 37 °C for 6 h with
protease E and beta-mercaptoethanol. The homogenate was
extracted with approximately 0.6 volumes of chloroform/
isoamyl alcohol (24:1 v/v). Samples were centrifuged at
3,300xg for 5 min to separate phases. DNA was incubated at
—20 °C for 12 h in 0.7 volumes of isopropanol and then concen-
trated using centrifugation at 15,700x g for 20 min. Following
rehydration in 1x TE, the DNA was quantified using fluorimetry,
diluted to 50 ng L' and stored at —20 °C until further analysis.

PCR amplification and sequencing

The 18S ribosomal RNA gene was amplified and sequenced
by using primers GO6 (Saunders and Kraft 1994) and J04
(Broom et al. 1999; Jones et al. 2004), which amplified a
non-coding region (approximately 550 bp) of the 18S rDNA
gene. This region does not contain introns (Broom et al. 1999;
Saunders and Kraft 1994). The rbcL gene was amplified and
sequenced from the same specimens by using primers F67 and

@ Springer



J Appl Phycol

Table 1 Collection information, voucher numbers, and GenBank accession numbers for specimens from the Gulf of California, Mexico, in this study

Entity Code Location Lat/Long Date Collectors FBCS no. rbcL 18S
P. pendula SR Isla Partida, BC 28°53'33.4"N, Mar 2006  JMLV, JJHK, GAS, 12081-123  JQ900553 JN680554
113°02'45.8" W CY, JAZG
P. pendula IPM Isla San Pedro 28°22'57.90" N, Mar 2009  JJHK, ANSC 12280a,b JQ900557 JN680555
Martir, Son 112°19'4.55" W
Pyropia sp. GCIIL  IPS Isla Patos, Son 29°16'4.32" N, Feb 2006 MLV, JIHK, GBG, 12040-49 JQ900554 1X024906
112° 27 47.36" W GAS
Pyropia sp. GCIII ~ PCY Isla El Choyero, 28°44' 12.43" N, Feb 2006 IMLV, JJHK, GBG, GAS 12060-65 JQ900556 NR
Son 112°18'22.33" W
Pyropia sp. GCIII ~ ISPN  Isla San Pedro 27°58 22.70" N, Apr 2008 JMLV, RBB, IMGC 12183-99 JQ900555 JN680556
Nolasco, Son 111°22'38.40" W
P. hollenbergii PC Punta Chivato, 27°04' 19.0" N, Apr2006  JMLV, JJHK 12132-143  JQ900558 JN680557
BCS 111° 56" 42.2" W
P. hollenbergii BAV Bahia Agua 25°30' 56.78" N, Apr2004  JMLV, JEA 11232-236  AY794401  JN680558
Verde, BCS 111°3'53.37" W JQ900559
Pyropia sp. GCII LCR Las Cruces, BCS 24° 17" 25.80" N, Apr 2001 MAAC, EHA, 1863 JQ900565 JQ900551
110° 11" 26.21" W GHA, KLC
Pyropia sp. GCI IES Isla Espiritu 24° 35" 55.93" N, Feb 2008 JJHK, JC 12211-13 JQ900562 JQ900548
Santo, BCS 110°24' 12.87" W
Pyropia sp. GCI GAL  Punta Galeras, BCS ~ 24°21' 16.35" N, Apr2006  JMLV, JJHK 12126-128  JQ900561 JQ900547
110° 16’ 59.97" W
Pyropia sp. GCI COY  Punta Coyote, BCS 24°20'45.47" N, Mar 2002  JMLV, RMS, 11026-28 J1Q900560 1Q900549
110° 14’ 54.72" W EAO
Pyropia sp. GCI PAR Punta Arenas, BCS 24°2'35.61" N, Mar 2008  JJHK, JC, CV 12217-220  JQ900563 JQ900552
109°49'31.02" W
Pyropia sp. GCI ISJO Isla San José, BCS 24°50"33.42" N, Feb 2008 ASR, ERA, JC, 12208-10 JQ900564 JQ900550
110°36'21.03" W JJHK

Collectors’ names: GAS G. Andrade-Sorcia, EAO E. Arroyo-Ortega, GBG G. Ballesteros-Grijalva, RBB R. Blanco-Betancourt, JCG J. Castillo-Guzman,
JEA J. Espinoza-Avalos, JMUGC J. M. Guzméan-Calderén, JJHK J. J. Hernandez-Kantin, GHA G. Hinojosa-Arango, EHA E Holguin-Acosta, KLC K.
Leon-Cisneros, JMLV J. M. Lopez-Vivas, RMS R. Muiiz-Salazar, ERA E. Rosas-Alquicira, ASR A. Sanchez-Rodriguez, ANSC A. N. Suarez-Castillo,

CV C. Valdez-Navarrete, CY C. Yarish, JAZG J. A. Zertuche-Gonzalez
NR not registered

rbe-spe (Teasdale et al. 2002). PCR amplification for 18S and
rbcL were performed on 25 pL containing a final concentra-
tion of 0.1-0.2 pg DNA template, PCR buffer (1 mM Tris-
HCI (pH 8.3), 1.5 mM MgCl 50 mM KCI, 0.02 mM each
dNTP), 10.0 pmol of each unlabeled forward and reverse
primer, 0.3 units of 7ag polymerase (Applied Biosystems),
and 2 pg uL ™" of bovine serum albumin. The thermocycling
profile for 18S consisted of a 4-min denaturation at 94 °C,
followed by 33 cycles of 30 s at 94 °C, 45 s at 55 °C, and
2 min at 72 °C, and 6 min at 72 °C of extension. Thermal
profile for rbcL was 3-min denaturation at 94 °C, followed by
28 cycles of 15 s at 94 °C, 30 s at 55 °C, and 1 min at 72 °C,
and 10 min at 72 °C of extension. Each PCR product for both
genes was electrophoresed in a 1.5 % agarose gel stained with
GelStar. Electrophoresis was done at 100 V for 40 min, and
the gels were visualized under UV light. Amplification prod-
ucts were purified and then sequenced in forward and reverse
directions, using these same primers. DNA sequencing was
performed on Applied Biosystems 377 sequencers (Applied
Biosystems, USA). For quality control purposes, one individ-
ual representing each population was reextracted and
reanalyzed.

@ Springer

Molecular data analysis

Sequence electropherograms were examined for signal
quality and edited using CodonCode Aligner
(CodonCode Corporation (2006)) before alignment.
Sequences were compared with existing Porphyra and
Pyropia sequences from GenBank (Sutherland et al.
2011) using BLAST (Altschul et al. 1990) and were
aligned with CLUSTALX (Thompson et al. 1997) im-
plemented in the MEGA 5.0 (Tamura et al. 2011).
Phylogenetic analyses were performed using three data
sets: the rbcL, the 18S, and a combined data set with
the genes concatenated. For maximum likelihood (ML)
analyses, the evolutionary model selected was the TrN+
I+G using the Akaike information criterion (Posada and
Buckley 2004) inferred from the program Modeltest
v.3.06. ML trees were individually obtained for each
data set using ML heuristic searches in PAUP* 4.0b10
(Swofford 2002) using the tree bisection-reconnection
(TBR) branch-swapping algorithm. Bootstrap support
values were obtained by ML analyses of 100
pseudoreplicates of each data set. MrBayes 3.2
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(Huelsenbeck and Ronquist 2001; Ronquist and
Huelsenbeck 2003) was used to conduct Bayesian anal-
yses using the substitution models chosen by Modeltest
3.7. We ran two independent simultancous Markov
Chain Monte Carlo runs with four chains each for 5
million generations and sampled trees every 100 gener-
ations. Convergence of the MCMC runs was determined
by visually examining the cumulative posterior and
between-run variation in split frequencies (Nylander
et al. 2008) using the online tool AWTY (Wilgenbusch
et al. 2004). Parameters and corresponding trees were
summarized after discarding the initial 25 % of each
chain as burn in. GenBank accession numbers for the
rbcL and 18S sequences for each locality analyzed in
this study are listed in Table 1.

Results
Taxonomic analysis

When plants reproduce by means of zygotosporangia, they
tend to exhibit colors ranging from light pink to red and to
present a variety of shapes: ovate and sometimes lanceolate
with linear or partial branching, undulating to undulating
heavily, and even sometimes smooth (Figs. 2 and 3). The
division formula of zygotosporangia in all specimens is 8
(a/2, b/2, ¢/2), the division of spermatangia is 128 (a/4, b/4,
¢/8), and all of them are dioecious. Isotypes of P. hollenbergii
(UC 925752) and P. pendula (UC 925750) were examined,
the specimens housed in the Herbarium of the University of
California at Berkeley where no molecular material was ob-
tained. Specimens of both P. hollenbergii and P. pendula were
collected at the type localities. Its morphological characteris-
tics are consistent with the descriptions and isotypes that were
reviewed. The collection process, as described by Dawson
(Dawson 1944) for P. hollenbergii and P. pendula, was under-
taken during February 1940 and 1946, whereas our samples
were collected in different months: P. hollenbergii in January,
February, March, and April and P. pendula only collected in
March. Table 2 shows distribution, habitat, and morphology
of the 13 sampled localities.

Molecular analysis

Partial sequences of the rbcL loci (880 bp) and 18S (478 bp)
were obtained from 31 samples of 13 localities along the Gulf
of California. The phylogenetic trees of 7bcL and 18S genes
(data not shown) and concatenated sequence gene trees
(Fig. 4) showed a similar topology. On the basis of this
sequence data, the samples were identified as P. pendula,
P. hollenbergii, and three new identities. Samples from Isla

Partida (SR) and IPM, located in the northern part of the Gulf
of California along the Baja California peninsula, were iden-
tified as P. pendula. Along the mainland coast, samples from
IPS, ISPN, and PCY were identified as a new identity, which
we have named Pyropia sp. GCIII. At the central region of the
Gulf of California (BAV and PC), the samples were identified
as P. hollenbergii. These samples matched 100 % with the
earlier 7bcL gene sequence (GenBank accession AY794401)
acquired at BAV (Lynch et al. 2008; Lopez-Vivas et al. 2011),
which is the type locality for P. hollenbergii (Dawson 1944,
1953a, b). Therefore, it was considered that the samples in this
group corresponded to P. hollenbergii.

At the southern Gulf of California, we found two new
identities: Pyropia sp. GCII, found in one locality only
(LCR), and Pyropia sp. GCI, distributed in five localities
(IES, GAL, COY, PAR, and ISJO). Interestingly, an earlier
18S sequence registered as P. pendula in GenBank
(DQ084430; Nelson et al. 2006) matched 100 % with samples
of Pyropia sp. GCI. Since SR is the type locality for
P. pendula according to Dawson (1944), we suggest that the
18S sequence DQ084430 has been misclassified.

The interspecific sequence divergence between samples
identified as P. hollenbergii and P. pendula was 2.6 % for
18S gene. The three new identities (Pyropia sp. GCI, Pyropia
sp. GCII, and Pyropia sp. GCIII) versus P. hollenbergii and
P, pendula ranged from 0 % (Pyropia sp. GCIlL vs P. pendula)
to 3.2 % (Pyropia sp. GCIII vs P. pendula and Pyropia sp.
GCII vs Pyropia sp. GCI) (Table 3). On the other hand, the
interspecific sequence divergence between samples identified
as P. hollenbergii and P. pendula was 6.2 % for rbcL. gene.
Though, the interspecific sequence divergence among the
three new identities versus P. hollenbergii and P. pendula
ranged from 1.8 % (Pyropia sp. GCIII vs P. pendula) to 6.0
% (Pyropia sp. GCIII vs P. hollenbergii) (Table 4).

Discussion

This study redefines the limits of geographical distribution of
endemic species of P. hollenbergii and P. pendula in the Gulf
of California using molecular and morphological markers.
Dawson (1944) recorded two endemic species of Pyropia,
P. hollenbergii, and P. pendula in the Gulf of California;
however, our molecular data confirms the presence of three
possible new identities of Pyropia GCI, Pyropia sp. GCII, and
Pyropia sp. GCIII. Considering previous work of Pyropia
based on rbcL and 18S sequences, we consider that the
genetic distances among the three new identities of Pyropia
and P, hollenbergii and P. pendula are large enough to indicate
that they should be considered separate taxons. For example,
new identities have been proposed as new species of Pyropia
for the Falkland Islands, which displayed values of
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Fig. 2 Representative specimens
with morphological
characteristics such as color

and shape of Pyropia pendula
(SR and IPM) and Pyropia sp.
(TIPS, PCY and ISPN)

IPM

P
— ‘_*N
————

ISPN

interspecific sequence divergence from 0.35 to 3.68 %
(Broom et al. 2010). Similarly, the interspecific sequence
divergence between Boreophyllum birdiae and
Boreophyllum aestivales is 0.8 % for the rbcL gene
(Lindstrom and Fredericq 2003; Neefus et al. 2002). In con-
served loci such as SSU rDNA, significant divergence be-
tween taxa sequences indicates a long reproductive separa-
tion; though, when the specimens only show few substitu-
tions, it is not clear how they can be registered. Results
suggest that nSSU sequence differences of only a few substi-
tutions should be considered possible signals of species
boundaries in this genus and that in Porphyra and Pyropia,
rbcL sequences are more variable than nSSU (Broom et al.
1999, 2002, 2010), which is very similar to our results.
Besides, it is important to highlight that the 18S region am-
plified in this study does not have introns, which are
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inherently more variable than the exons; consequently, the
low interspecific sequence divergence registered among enti-
ties for 18S gene can be the result of low variability of this
region.

In this study, we did not identify morphological differences
between thalli samples of P. hollenbergii, P. pendula, and
Pyropia sp. GCI, GCII, and GCIII. Reproductive differences
between these species are shown on Table 2. Morphological
and reproductive evidence suggests a possible close relation-
ship. All thalli are membranaceous, monostromatic, and
showed a single chloroplast. In addition, a base is formed by
disk-shaped cells with a hyaline filament. Furthermore, the
blades have different morphologies, lanceolate, linear, ob-
ovate, or linguada. The blades can be simple or split from a
common basal area. All are dioecious. Male gametophytes are
128 spermatia formed in the spermatangia having a division
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Fig. 3 Representative specimens with morphological characteristics such as color and shape of Pyropia hollenbergii (PC and BAV), Pyropia sp. GCI
(IES, COY, GAL, PAR, and ISJO) and Pyropia sp. GCII (LCR)
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Fig. 4 Maximum likelihood and Bayesian phylogram constructed from

concatenated nSSU and rbcL sequences of Bangiales taxa, including
Pyropia hollenbergii, Pyropia pendula, and the three new entities,

formula of a/4, b/4, and c/4, and they are yellowish. While
eight zygotospores form in the zygotosporangia, the division
formula is a/2, b/2, and ¢/2, and they are reddish. All entities
have sexually dimorphic differences in the length and wide of
the thalli, different coloration between the male and female
and have different number of spores in the sporangia. The
margin is slightly ruffled in males whereas it is deeply ruftled
in the female (Aguilar-Rosas et al. 2004, 2007b; Lopez-Vivas
2000, 2003). The coloration of the thallus has to do with the

97/97 1 Porphyra sp. FIB
59159 LL Porphyra sp. FIG

7

Pyropia suborbi
Pyropia gardneri
Pyropia tenera
Pyropia yezoensis

Wildemania amplissima
variegata

Porphyra umbilicalis

Pyropia sp. GCI, Pyropia sp. GCII and Pyropia GCIII. ML bootstrap
values (leff) and Bayesian PP values (right)

maturation of sexual reproductive structures and the
development of reproductive packages. According to Kurogi
(1972), the expression of the peculiar shades of colors for each
species makes them difficult to identify. Most species of
Pyropia have two or three characteristic colors. The number
of spermatangia also profusely undulates the margins of the
plates, which was the characteristic that mainly helped sepa-
rate P. hollenbergii from P. pendula. According to some
authors, P. hollenbergii differs from P. pendula mainly in the
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Table 3 Absolute sequence differences (below diagonal) and percentage sequence divergence (above diagonal) of 18S sequences from the Gulf of

California Pyropia entities identified in this study

Pyropia pendula  Pyropia sp. GCIII  Pyropia hollenbergii Pyropia sp. GCIL  Pyropia sp. GCL
SR IPM IPS PCY ISPN PC BAV HQ687589 LCR IES GAL COY PAR ISJO DQ084430
Pyropia pendula SR 0.0 00 00 00 27 29 29 3.1 33 33 33 38 31 33
IPM 0 00 00 00 27 29 29 3.1 33 33 33 38 31 33
Pyropia sp. GCIII IPS 0 0 00 00 27 29 29 3.1 33 33 33 38 31 33
PCY 0 0 0 00 27 29 29 3.1 33 33 33 38 31 33
ISPN 0 0 0 27 29 29 3.1 33 33 33 38 31 33
Pyropia hollenbergii PC 12 12 12 12 12 02 02 1.3 1.1 1.1 1.1 1.6 13 11
BAV 13 13 13 13 13 1 0.0 1.1 09 09 09 13 1.1 09
HQG687589 13 13 13 13 13 1 0 1.1 09 09 09 13 1.1 09
Pyropia sp.GCII LCR 14 14 14 14 14 6 5 5 02 00 02 07 09 02
Pyropia sp. GCI IES 15 15 15 15 15 5 4 4 1 02 00 04 07 00
GAL 15 15 15 15 15 5 4 4 0 1 00 04 07 00
coy 15 15 15 15 15 5 4 4 1 0 0 04 07 0.0
PAR 17 17 17 17 17 7 6 6 3 2 2 2 1.1 04
ISJO 14 14 14 14 14 6 5 5 4 3 3 3 5 0.7
DQ084430 15 15 15 15 15 5 4 4 1 0 0 0 2 3

number of spermatangia (64), compared with that presented
by P. pendula (128) (Aguilar-Rosas et al. 2004; Dawson 1944,
1953a). Recent studies have demonstrated that there is a large
genetic diversity in the Bangiales which is not reflected in
morphological diversity (Niwa et al. 2010, 2014; Sutherland
etal. 2011).

During the review conducted for this study, it was observed
that all species have 128 spermatangia packages. Lopez-Vivas

(2003) and Aguilar-Rosas et al. (2007b) confirmed the pres-
ence of 128 packages for P. hollenbergii spermatangia. With
regard to the comparison of both species margins, the margins
share the same characteristic, profusely undulated, also con-
firmed by Aguilar Rosas et al. (2004, 2007b). Although the
original and subsequent descriptions by Krishnamurthy
(Krishnamurthy 1972) mentioned that P. hollenbergii has a
deeply ruffled margin, P. pendula has a prominently ruftled

Table 4 Absolute sequence differences (below diagonal) and percentage sequence divergence (above diagonal) of rbcL sequences from the Gulf of

California Pyropia entities identified in this study

Pyropia pendula Pyropia hollenbergii Pyropia sp. GCI
SR IPM IPS PCY ISPN PC BAV HQ687523 LCR IES GAL COY PAR ISJO HQG687530
Pyropia pendula SR 0.2 14 16 14 6.5 63 6.3 5.8 6.1 6.1 6.1 6.1 59 6.1
IPM 2 1.6 19 1.6 63 6.1 6.1 5.6 58 58 5.8 5.8 5.7 5.8
IPS 12 14 0.2 0.0 63 6.1 6.1 5.9 59 59 5.9 59 5.8 5.9
PCY 14 16 2 0.2 63 6.1 6.1 59 59 59 5.9 59 5.8 5.9
ISPN 12 14 0 2 63 6.1 6.1 5.9 59 59 59 5.9 5.8 5.9
Pyropia hollenbergii ~ PC 56 54 54 54 54 0.2 0.2 2.0 20 20 2.0 2.0 1.9 2.0
BAV 54 52 52 52 52 2 0.0 1.7 1.7 1.7 1.7 1.7 1.6 1.7
HQ687523 54 52 52 52 52 2 0 1.7 1.7 1.7 1.7 1.7 1.6 1.7
Pyropia sp. GCI LCR 50 48 51 51 51 17 15 15 14 14 1.4 1.4 1.3 1.4
IES 52 50 51 51 51 17 15 15 12 0.0 0.0 0.0 0.1 0.0
GAL 52 50 51 51 51 17 15 15 12 0 0.0 0.0 0.1 0.0
coy 52 50 51 51 51 17 15 15 12 0 0 0.0 0.1 0.0
PAR 52 50 51 51 51 17 15 15 12 0 0 0 0.1 0.0
ISJIO 51 49 50 50 50 16 14 14 11 1 1 1 1 1
HQ687530 52 50 51 51 51 17 15 15 12 0 0 0 0 0.1
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margin (Dawson 1953a; Krishnamurthy 1972). The main
problem is that morphological characteristics are subjective,
since they do not have a unit of measurement. Pedroche and
Senties (2003) mention that although algae are very simple
organisms, with easily recognizable levels of organization, a
small number of characteristics for the description and
characterization of species are often used, making it difficult
to distinguish or differentiate species. Algae already exhibit
great morphological plasticity that responds to different
environmental conditions.

Most of the morphological, anatomical, and reproductive
characteristics of these species are very similar to each other,
such as color variations, shape, and size. According to Neefus
et al. (2002), many of the characteristics are similar between
species or between closely related individuals; however, the
differences represent phenotypic plasticity and, in some cases,
are evidence of the formation of new species. Recent studies
combining biochemical, molecular, morphological, and eco-
logical features have shown that several species of Porphyra
form “species” or “complexes,” which maintain morphologi-
cal similarities but are of different taxa (Bray et al. 2006, 2007;
Neefus et al. 2002).

Before this work, only extreme populations of
P, hollenbergii had been found exclusively around the islands
in the Gulf of California (Aguilar-Rosas et al. 2004; Espinoza-
Avalos 1993). In this study, P hollenbergii was not found in
any locality along the continental coast of Sonora (Aguilar-
Rosas et al. 2004) and Sinaloa; furthermore, it has only been
recorded along the southern coast of Baja California (PC and
BAV). This shows that the name of P. hollenbergii has been
widely and probably incorrectly applied in many localities of
the Gulf of California. Individuals designated as Pyropia sp.
GCI and GCII were registered only at the southern Gulf of
California. The interspecific sequence divergence between
Pyropia sp. GCI and Pyropia sp. GCII is 1.3 and 0.4 % for
rbcL and 18S, respectively. However, Pyropia sp. GCII is
distributed only in one location (LCR), which is in the middle
of the distribution of the five locations of Pyropia sp. GCI
(IES, GAL, COY, and ISJO). The geological features of LCR
have played an important role so that individuals of this site
have diverged from the rest of the individuals of Pyropia sp.
GCIL. LCR is located halfway through an alluvial fan of
considerable dimensions, while IES, GAL, COY, and ISJO
sites are not influenced by an alluvial fan of comparable
importance (Antinao and McDonald 2009). In addition to
the discussions above, the watershed for LCR is much greater
than that of the nearby sites; hence, the flows are very different
and thus the size of the alluvial fans. The presence of this
alluvial fan goes back to a long period of time (Antinao and
McDonald 2009) associated with the geomorphological fea-
tures of the opening of the Gulf of California (Ledesma-
Véazquez and Carrefio 2010). Sea level change has change
and drop several times in the past 1 million years (Compton

2011) while the flow of fresh water to the coast has been
“persistent” in the area, extending the extent of the alluvial
fan toward the ocean, on a ratio up to 1:60 (Dean 1990).
Because the plants from LCR have been exposed to low
salinity conditions for long time, plants must have adapted
to this micro-environment which is reflected in the genetic
divergence with individuals of Pyropia sp. GCIL. Some stud-
ies have shown that the salinity is an important factor for
maturation of conchocelis phase in some Porphyra species,
indicating that the highest growth is under conditions of 25—
35 ppt, while the lowest growth rate has been observed at
lower (10-20 ppt) salinities (Conitz et al. 2001; Ogata and
Schramm 1971; Ruangchuay and Notoya 2003). This also
demonstrates the great morphological plasticity of Pyropia
in the Gulf of California, which leads to the fact that identifi-
cation of these species using morphological characteristics is
not enough; therefore, it is important to integrate molecular
markers to analyze seaweed distribution.
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