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Background: Sargassum liebmannii is widely distributed throughout rocky, coastal upwelling areas in the
tropical Mexican Pacific. This brown algae is of great environmental and industrial importance. However,
no information is available that documents the genetic or phenotypic variability of the species, which is
needed to determine how it may react to environmental variation related to climate change. In this study,
S. liebmannii specimens were collected from the coast of Jalisco, Mexico, and molecular and morpholog-
ical characterization was conducted. Intraspecific variability was estimated according to the study areas.
Results: The inter-simple sequence repeat (ISSR) markers indicated a polymorphism percentage of 95%.
The Shannon index and Nei index showed relatively low values among the populations (0.3569 and
0.081, respectively). On the other hand, the genetic differentiation coefficient indicated inter- and
intrapopulation values of 36.69% and 63.31%, respectively. The Jaccard similarity coefficient was used
to determine the degree of similarity among individuals by geographical area. The morphological char-
acteristics and environmental variables that were used to correlate phenotypes and genotypes indicated
that S. liebmannii showed low genetic flow because of the presence of geographical barriers due to sub-
strate that was not optimal for algal development.
Conclusions: The ISSR markers were useful for detecting genetic differences among S. liebmannii individ-
uals. The results indicate that a coupled genotypic-phenotypic study is beneficial for documenting the
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Table 1
Study sites of the Sargassum liebmannii populations on

Locality

1. Playa Los Muertos
2. Playa Conchas Chinas
3. Playa Garza Blanca
4. Playa Careyitos
5. Playa Mora, Tenacatita
6. Playa La Manzanilla
variation present in the little-studied algal species. These studies may be used in future research to clarify
taxonomic controversies while generating additional genomic information.
How to cite: Jung-Kim HW, Hernández-Herrera RM, Enciso-Padilla I, et al. Genetic variability of
Sargassum liebmannii on the coast of Jalisco in the central Mexican Pacific revealed by molecular markers
and morphological traits. Electron J Biotechnol 2021;54. https://doi.org/10.1016/j.ejbt.2021.08.003
� 2021 Pontificia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The macroalgae genus with the highest number of species (539)
is Sargassum, according to AlgaeBase [1]. Nonetheless, this genus
has been the subject of only a few studies in Mexico that have gen-
erated information at the genetic level [2]. Sargassum liebmannii J.
Agardh (Fucales: Phaeophyceae) is a brown benthic seaweed that
grows in exposed intertidal or subtidal areas and is generally found
between depths of 25–30 m. This macroalga is abundant on rocky
coasts where it grows in littoral and sublittoral zones and is often
found in warm and well-aerated waters. Along the coast of Jalisco
in the tropical Mexican Pacific, S. liebmannii develops high-biomass
blooms [3] and is used in fertilizer, fodder, and livestock feed and
as a source of alginates and potassium salts [4].

The results of genetic diversity studies can be used to help pro-
tect species against global climate change, as the stability of a pop-
ulation is often attributed to the degree of genetic variation
present. The greater the genetic diversity of a population, the
greater are its chances to resist environmental change [5]. S. lieb-
mannii presents a high rate of polymorphism, which is common
in the marine environment. However, this species has not been
evaluated from a genetic point of view, and information that is nec-
essary for an accurate understanding of S. liebmannii reproduction
and its total geographic distribution is lacking.

In many cases, taxonomic classifications of algae can only be
conducted at the genetic level. These genetic classifications allow
for interspecific and intraspecific hypotheses of genetic and pheno-
typic variation to be elucidated, which establish that abiotic factors
(i.e., mainly the weather) reflect the degree of migration within a
species. Molecular markers are advantageous when evaluating
variation and estimating inter- and intrapopulation diversity in
algal species. For example, Yao et al. [6] conducted a genetic study
of Sargassum fusiforme populations on the coast of China using
inter-simple sequence repeat (ISSR) and random amplified poly-
morphic DNA (RAPD) markers. Yanhui et al. [7] used simple-
sequence repeat (SSR) markers to sequence the entire Sargassum
vachellianum chloroplast genome and detect highly variable
regions. Kubo et al. [8] developed SSR sequences for Sargassum hor-
neri. Moreover, Ren et al. [9] used ISSR markers to detect the
genetic variation of fixed-culture and floating populations of S. hor-
neri along the coast of Zhejiang, China. In addition, Yu et al. [10]
used ISSR and SRAP markers to study the population genetics of
S. horneri to evaluate the relationship between genetic diversity
and the geographic distribution of the species.
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Despite the environmental and industrial importance of S. lieb-
mannii in the central Mexican Pacific [11,12], no information is
available on the genetic variability of this species in this region.
Thus, the aim of this study was to investigate how the environmen-
tal conditions present on the Jalisco coast influence the genetic
variability of S. liebmannii. This is the first study in the region to
generate information that is neither taxonomic nor phylogenetic.
The results of this study will allow for problems related to the mor-
phological misidentification of species to be addressed through the
determination of the genetic profile of the individuals in this study.
Moreover, in the mid-term, the development of new DNA markers
will allow for particular population traits to be identified.
2. Materials and methods

2.1. Study area and sample collection

Sixty Sargassum specimens were collected by hand from wild
populations along the coast of Jalisco in subtidal and intertidal
zones by divers at low tide. These specimens were used for molec-
ular and morphological analyses. Specimens were collected in July
and August of 2019. A total of six sites were sampled and classified
into northern (localities 1, 2, and 3) or southern (localities 4, 5, and
6) zones (Table 1 and Fig. 1). During collection, depth (subtidal or
intertidal), wave exposure (exposed or protected), and substrate
(rocky or mixed platform) classifications were made for each site.
All samples were properly labeled, preserved in cold seawater in
an ice chest, and transported to the laboratory for identification
and further analysis.

2.2. Preservation of Sargassum liebmannii samples

The collected fragments and whole algae were washed twice
with purified water to remove shells and sand and thoroughly
rinsed with distilled water. The excess water was then removed.
During this process, the absence of epiphytes was verified.

Each collected fragment was labeled (area and location),
wrapped in a brown paper, placed inside a white polyethylene
bag, and stored in a freezer at �20�C until further analysis.

2.3. Morphological characteristics

Initially, a total of 60 specimens were photographed, and their
morphological characteristics were measured using ImageJ v.
exican Pacific.

Depth Geographic coordinates

Subtidal 20� 350 5500 N–105�140 2200 W
Subtidal 20� 370 1.200 N–102� 130 48.600 W
Subtidal 19� 350 5900 N–105� 090 39.1700 W
Intertidal 19� 260 0700 N–105� 140 2200 W
Intertidal 19� 260 1500 N–105� 010 5100 W
Intertidal 19� 160 5200 N–104� 470 1500 W

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Sargassum liebmannii localities sampled in this study: 1) Playa Los Muertos (PM); 2) Conchas Chinas (CH); 3) Playa Garza Blanca (GB); 4) Careyitos (CR); 5) Playa Mora,
Tenacatita (LM); and 6) La Manzanilla (MZ).

Table 2
Inter-simple sequence repeat (ISSR) primer sequences and polymorphism based on
the resulting banding patterns of Sargassum liebmannii.

Primer Sequence (50–30) Amplicons Polymorphism (%)

7 CTCTCTCTCTCTCTRTRG 9 100
16 YRG ACA GAC AGA CA 11 100
812 GAGAGGAGAGAGAGAA 8 75
DAT GAGAGAGAGAGAGARG 6 100
902 GTCTGTGTGTGTAY 6 100

Global 40 95

Table 3
Marker effectiveness. Parameters for the inter-simple sequence repeat (ISSR) markers
used with Sargassum liebmannii.
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1.52a (https://imagej.nih.gov/ij/download.html) [13]. The charac-
teristics were measured according to the methodology of Modelo
et al. [14] and were as follows: the total length of the thallus
(cm), leaf area of the fronds (cm2), total number of vesicles, recep-
tacle number, and biomass (fresh weight, g), which was obtained
with an electronic balance (Precisa Instrument, Dietikon, Switzer-
land). Once the morphological characteristics were measured, the
seaweeds were used for the molecular analysis.
Parameters of marker efficiency ISSR

Number of individuals 60
Total number of bands (L) 40
Polymorphic bands (p) 38
Total number primer combinations (T) 5
Multiplex ratio (MR; L/T) 8
Polymorphism percentage (%p) 95
Polymorphic information content (PIC) 0.61
Average heterozygosity (Hav) 0.85
Marker index (MI) Hav � MR 6.8
2.4. DNA extraction and PCR amplification

The molecular analysis was carried out in the Molecular Mark-
ers Laboratory of the Centro Universitario de Ciencias Biológicas y
Agropecuarias (CUCBA) of the Universidad de Guadalajara in
Jalisco, Mexico. Each sample was analyzed individually (10 sam-
ples per location). The DNA of the algae was isolated according
to the CTAB (Cetyl Trimethyl Ammonium Bromide) procedure of
39
Phillips et al. [15]. The samples were then analyzed for purity
and concentration by standard electrophoretic and spectrometric
methods [16].

Five ISSR primers (7, 16, 812, DAT, and 902) from 15 sequences
selected from the University of British Columbia [17] and Ohio
State University [18] databases were chosen for amplification
(Table 2). Amplification was carried out in 20 mL of 1X PCR buffer
containing 2.5 mM MgCl2, 0.8 mM of primer, 0.25 mM dNTPs,
4 ng of DNA, and 0.05 U of Taq DNA polymerase (Promega, Madi-
son, USA). PCR cycling included 3min at 95�C, followed by 40 cycles
of 45 s each at 95�C (DNA denaturalization), 45 s at 52�C (anneal-
ing), 1 min 30 s at 72�C (extension), and a final extension at 72�C
for 10 min. The amplified fragments were separated by elec-
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trophoresis on 2% agarose gels, and ethidium bromide stain was
used for visualizing the bands.
2.5. Data analysis

The genetic variability and informativeness of the ISSR markers
were tested by polymorphic information content (PIC), heterozy-
gosity per locus (He), average heterozygosity (Hav), the multiplex
ratio (MR), and the marker index (MI) [19]. A binary presence/ab-
sence matrix was obtained from the gels of each primer. The bands
were considered for subsequent analysis.

POPGENE v. 1.31 [20] was used to evaluate genetic variability
from the percentage of polymorphic loci (P) with a 99% criterion,
the average expected heterozygosity (H) assuming a Hardy-
Weinberg equilibrium, the Shannon information index of genetic
diversity (I), total genetic diversity (HT), genetic diversity within
populations (HS), the coefficient of genetic differentiation between
different populations (Gst), and the Nei genetic distance (D) [21].

Variance heterogeneity was tested using Statgraphics (New Jer-
sey, United States) and was found to be not significantly homoge-
neous. For each of the variables, a mean comparison Tukey test was
performed to group statistically equal variables (P � 0.005). Infor-
mation on genetic variability, morphological characteristics, and
environmental factors was included in a clustering analysis using
the unweighted pair-group method with arithmetic average
(UPGMA). Analyses were performed using NTSYS v. 2.21 [22].
The results are represented as a dendrogram.

A principal component analysis (PCA) was carried out to evalu-
ate genetic variability and the interdependence of the morpholog-
ical characteristics (total length of the thallus, leaf area of the
fronds, total number of vesicles, receptacle number, and biomass)
and environmental variables (locality, depth, wave exposure, and
substrate). In addition, a cluster/SIMPROF analysis was performed
on the Euclidian distance matrices constructed from square root-
transformed descriptor data to identify similar patterns among
the variables as well as the characteristics that had the highest
descriptive value and that best explained the genetic and morpho-
logical variability of the algae.
3. Results

3.1. Molecular marker informativeness

A unique ISSR band profile was obtained for each individual. A
total of 40 fragments were amplified. The number of amplicons
per primer, the percentage of polymorphism, and the sizes of the
amplicons ranged from 6–11, 75–100, and 150–2500 bp, respec-
tively (Table 2). In Table 3, the effectiveness values of the ISSR
markers and the average heterozygosity (Hav) are shown, with
the latter showing a value of 0.85. Considering that the maximum
heterozygosity value is 1, the S. liebmannii populations appeared to
Table 4
Genetic variability within Sargassum liebmannii populations based on inter-simple sequen

Locality N P% N

Playa Los Muertos 10 45 1
Playa Conchas Chinas 10 62.5 1
Playa Garza Blanca 10 55 1
Playa Careyitos 10 37.5 1
Playa Mora, Tenacatita 10 35 1
Playa La Manzanilla 10 77.5 1
Total 60
Mean 52 1

N = number of individuals; P% = percentage of polymorphic bands; Na = number of alle
I = Shannon index.
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maintain high genetic variability. These results show that ISSR
molecular markers can be used to evaluate the genetic variability
of S. liebmannii individuals.
3.2. Genetic relationships and genetic variability in Sargassum
liebmannii populations

The estimations of genetic diversity within the S. liebmannii
populations (Table 4) indicated that the P value (overall average
of 52%) was moderately high for each of the six populations ana-
lyzed in this study. The lowest I value (0.1356) corresponded to
Playa Mora, while the highest value (0.3569) corresponded to La
Manzanilla. A D value of 0.081 was obtained for Playa Mora, while
a D value of 0.1175 was obtained for Careyitos, and both popula-
tions were located in the southern zone. The analysis of genetic
diversity using the I and D indices showed that there was little
heterogeneity between populations, indicating that relatively low
genetic diversity was present.

The mean HT and HS values of the six study sites were low
(0.276 and 0.1747, respectively; Table 5). This level of genetic
diversity generated a very high Gst value of 0.3669, and the genetic
diversity among populations and within populations was 36.7%
and 63.31%, respectively. The gene flow number (Nm) was low
(0.826) among the different S. liebmannii populations, indicating
that the migration rate per generation among populations was low.

According to the Nei genetic distance matrix (Table 6), rela-
tively homologous values (0.95–0.98) were found within the
southern populations, whereas low values (<0.93) were found
within the northern populations. The estimate of genetic differen-
tiation between different populations for S. liebmannii ranged from
0.0232–0.2421, which clearly indicated a separation between the
southern and northern populations. The degree of genetic differ-
ence was remarkable in the northern zone (D values of 0.7850–
0.9771) compared to that of the southern zone (D values of
0.1387–0.2421). These D values indicated that moderate and high
levels of genetic distance were present in the northern and south-
ern zones, respectively [23]. The individuals originating from La
Manzanilla beach were genetically connected to the populations
of Careyitos (D = 0.0232).
3.3. Morphological variation

The morphological characteristics of S. liebmannii individuals
were analyzed. Significant differences (P � 0.05) in the total length
of the thallus (cm), leaf area of the fronds (cm2), total number of
vesicles, receptacle number, and fresh weight (g) were observed
between study zones. In the northern zone, especially in Playa
Los Muertos, S. liembannnii individuals presented the greatest thal-
lus lengths, foliar areas, fresh weights, and vesicle and receptacle
numbers compared to those from the southern zone (Table 7 and
Fig. 2).
ce repeat (ISSR) markers.

a Ne H I

.45 1.2725 0.16 0.2397

.625 1.4245 0.238 0.3497

.550 1.4059 0.226 0.3281

.375 1.1817 0.118 0.1827

.350 1.1132 0.081 0.1356

.775 1.344 0.226 0.3569

.520 1.2903 0.175 0.26545

les per locus; Ne = effective number of alleles per locus; D = Nei genetic diversity;



Table 5
Nei analysis of gene differentiation among Sargassum liebmannii populations.

N HT HS Gst Nm

S. liebmannii 60 0.276 0.1747 0.3669 0.8626

N = number of individuals; HT = total genetic diversity; Hs = genetic diversity within the population; Gst = coefficient of genetic differentiation between different populations;
Nm = gene flow number.

Table 6
Genetic identities and distances of the six Sargassum liebmannii populations based on inter-simple sequence repeat (ISSR) data. Abbreviations: Playa Los Muertos (PM); Playa
Conchas Chinas (CH); Playa Garza Blanca (GB); Playa Careyitos (CR); Playa Mora, Tenacatita (LM); and Playa La Manzanilla (MZ).

Locality MZ LM CR CH GB PM

Playa La Manzanilla —— 0.9605 0.9771 0.8488 0.8234 0.8705
Playa Los Muertos 0.0403 —— 0.9499 0.8273 0.7875 0.8680
Playa Careyitos 0.0232 0.0514 —— 0.8280 0.7850 0.8540
Playa Conchas Chinas 0.1639 0.1896 0.1888 —— 0.9163 0.7942
Playa Garza Blanca 0.1943 0.2389 0.2421 0.0874 —— 0.8567
Playa Mora, Tenacatita 0.1387 0.1416 0.1579 0.2304 0.1547 ——

Nei genetic identity values (above diagonal) and genetic distance values (below diagonal).

Table 7
Morphological characteristics evaluated in Sargassum liebmannii individuals from different localities. Abbreviations: Playa Los Muertos (PM); Playa Conchas Chinas (CH); Playa
Garza Blanca (GB); Playa Careyitos (CR); Playa Mora, Tenacatita (LM); and Playa La Manzanilla (MZ).

Locality Total length of the thallus (cm) Leaf area of the fronds (cm2) Vesicle number Receptacle number Weight (g)

CH 39.38 ± 5.4a 85.31 ± 36.1bd 17.6 ± 9.76abc 52.6 ± 38.48abc 3.7 ± 2.6bc

GB 33.34 ± 8.1ab 64.64 ± 44.4bd 3.9 ± 4.2bc 30.6 ± 17.6bc 4.3 ± 2.7abc

PM 33.84 ± 17.2ab 164.35 ± 69.8a 41.3 ± 35.3a 101.9 ± 59.7a 10.0 ± 9.4a

CR 21.52 ± 5.5b 42.36 ± 6.0 cd 6.5 ± 6.2bc 24.0 ± 11.8c 2.6 ± 1.5bc

LM 28.52 ± 4.9ab 114.45 ± 30.4ab 15.2 ± 14.7bc 78.4 ± 39.6ab 4.8 ± 2.4abc

MZ 30.29 ± 6.3ab 85.97 ± 22.6bd 2.3 ± 3.5c 31.1 ± 27.7bc 2.4 ± 1.0c

Values are mean ± standard deviation (n = 10). Different letters (a–d) within each column indicate significant differences according to the post-hoc Tukey mean comparison
test (P � 0.05).
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3.4. Dendrogram classification of S. liebmannii individuals based on
genetic variability, morphological characteristics, and environmental
factors

The grouping analysis of the morphological descriptors (total
length of the thallus, leaf area of the fronds, vesicle number, recep-
tacle number, and biomass), genetic variability (average number of
loci detected), and environmental variables (locality, depth, wave
exposure, and substrate) allowed for three groups to be identified
with similar morphological characteristics that were associated
with environmental conditions (Fig. 3).

Combined data analysis revealed two groups delimited by geo-
graphical area (southern and northern zones), and individuals were
grouped according to their populations of origin. The first group (I)
was composed of individuals distributed among three localities in
the southern zone: La Manzanilla, Careyitos, and Playa Mora. The
ISSR markers detected a similarity of 0.33–1.00 among individuals,
according to the Jaccard similarity coefficient. The analysis
revealed two groups delimited by geographical area (southern
and northern zones) in the same way as the morphological data,
which grouped individuals to their populations of origin. Individu-
als belonging to La Manzanilla, Careyitos, and Playa Mora were
grouped in the southern zone, while individuals from Playa Garza
Blanca, Playa Los Muertos, and Conchas Chinas were grouped in
the northern zone. The results of the analysis showed that the
highest similarity (0.95) was among individuals from the Playa
Mora population, while the lowest similarity (0.63) was found
among individuals from Playa Garza Blanca and Playa Los Muertos.

The first group (I) of S. liebmannii individuals showed the lowest
number of receptacles (average of 24) and biomass (average of
2.5 g). Individuals from this group grew in sites with similar envi-
41
ronmental conditions (e.g., intertidal areas not exposed to waves).
In this group, an average number of 25.37 loci was also detected.

The second group (II) of S. liebmannii individuals was composed
of two subgroups, and individuals were distributed in the northern
zone among the localities of Playa Garza Blanca, Conchas Chinas,
and Playa Muertos (PM). In subgroup 1, individuals showed an
average of 40.12 loci and similar characteristics with regard to
thallus length (which was the largest in the study; average of
39.38 cm), number of receptacles (average of 78.4), leaf area (aver-
age of 114.45 cm2), and number of vesicles (which was also the lar-
gest in the study; average of 17.6). Individuals from subgroup 1
were also distributed in areas exposed to wave action in the subti-
dal zone. Subgroup 2; was composed of individuals distributed in
Playa Muertos (PM). These individuals were collected in the subti-
dal zone and had morphological characteristics that separated
them from those of the other groups with regard to leaf area, (av-
erage of 164.34 cm2), number of vesicles (41.3), number of recep-
tacles (101.9), and biomass (10.1 g), which were the greatest in the
study, and an average of 29.51 loci.

A biplot analysis was used to confirm the relationships that
were identified in the analysis of variance (ANOVA) among genetic
variability, morphological characteristics, and environmental vari-
ables. The PCA indicated that three factors explained 70.6% of the
total variance. Factor 1 (PC1) explained 36.8% of the variance and
was positively correlated with depth, wave exposure, and the total
length of the thallus. Factor 2 (PC2) explained 19.68% of the vari-
ance and was positively correlated with leaf area, receptacle num-
ber, vesicle number, biomass, and the average number of loci.
Factor 3 (PC3) explained 14.09% of the variance and was positively
correlated with substrate. By plotting data according to PC1, PC2,
and PC3, three clusters were identified that showed a clear separa-



Fig. 2. Variations in morphological and structural characteristics (fronds, vesicles, and receptacles) of Sargassum liebmannii individuals from different localities in the
northern zone [a) Conchas Chinas, b) Playa Garza Blanca, and c) Playa Los Muertos] and southern zone [d) Playa Careyitos; e) Playa Mora, Tenacatita; and f) Playa La
Manzanilla].
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tion among S. liebmannii individuals based on genetic variability,
morphological characteristics, and environmental variables
(Table 8 and Fig. 4).

The first group was composed of S. liebmannii individuals dis-
tributed among the La Manzanilla, Careyitos, and Playa Mora sites
from the southern zone. These individuals were distributed on
sandy rocky platforms not exposed to direct wave action in the
intertidal zone. The second group was composed of S. liebmannii
individuals that presented high total thallus lengths and that were
distributed in the subtidal zones of the Garza Blanca, Conchas Chi-
nas, and Los Muertos sites from the northern zone. A higher aver-
age number of loci (40.12) was detected in this group compared to
that of the first group.
42
Interestingly, a significant and beneficial effect on morphologi-
cal characteristics was observed in the third group, which included
S. liebmannii individuals from Los Muertos in the northern zone.
This third seaweed group displayed the highest growth values
and reproductive indicators (i.e., leaf area, biomass, number of
vesicles, and number of receptacles), which suggests that favorable
environmental conditions were present in this site (Fig. 4).
4. Discussion

This is the first study on the genetic variability of S. liebmannii
populations in the central Mexican Pacific. The Mexican Pacific is



Fig. 3. Dendrogram based on the genetic variability, morphological characteristics, and environmental factors of the Sargassum liebmannii populations of the coast of Jalisco.
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an area that is highly dynamic given that the California Current,
which flows toward the equator, and the Mexican Coastal Current,
which flows poleward and to the east, meet in this region. This
region is also located in a tropical-subtropical transition zone with
a very shallow oxygen minimum zone [24]. The study area is char-
acterized by a salinity gradient of approximately 34.6–34.9 g kg�1

and pH values that range between 7.5 and 8.4. The beaches in the
northern zone are mainly characterized by being protected by
coastal rocks and dunes, whereas the beaches in the southern zone
are characterized by current channels and coral reefs [25]. More-
43
over, in this region, Sargassum species are important due to their
great industrial potential.

The results of this study are based on 40 loci from 60 individu-
als, which meets the requirements for an acceptable sample size
for the genetic analysis of populations [21,26]. The total number
of loci detected with the ISSR markers in this study was considered
reliable for genetic analysis [27]. As mentioned by Ren et al. [9],
ISSR markers have proven to be efficient and appropriate for
detecting high levels of polymorphism in S. horneri. The results
obtained in this study further support the conclusion that ISSR



Table 8
Loading values of the genetic variability, morphological characteristics, and environ-
mental variables identified by the principal component analysis (PCA) for Sargassum
liebmannii populations of the coast of Jalisco.

PC1 PC2 PC3

Locality 0.395886 �0.377459 �0.235462
Depth 0.38006 �0.379441 �0.261611
Wave exposure 0.0820039 �0.0220485 0.569568
Substrate �0.352579 0.321597 �0.104241
Total length 0.267668 �0.32366 0.365018
Leaf area 0.340174 0.279108 0.337603
Vesicles 0.378169 0.358222 �0.0906936
Receptacles 0.360282 0.42638 0.0594901
Biomass 0.326542 0.334514 �0.231279
Average number loci 0.0313399 0.0704311 �0.477886
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markers are useful for detecting genetic variability among Sargas-
sum species [28,29].

The level of polymorphism found in this study was 95%
(Table 3), which is similar to the results reported by Yu et al.
[10] in S. horneri and Yao et al. [6] in S. fusiforme. The Hav value
of 0.85 suggests the presence of high genetic variability, indicating
that this species is not in danger of extinction. Intra- and interpop-
ulation variability was also found in S. liebmannii. The group asso-
ciations observed in the dendrogram are quite clear because these
groupings were based on the geographical area to which each pop-
ulation belonged, which is similar to that reported by Yu et al. [10]
and Yao et al. [6].

The Gst and Nm values suggest that gene drift acts indepen-
dently in each population, which was also observable in the geo-
graphic separation of the groups that were formed in the PCA.
Between the southern and northern regions of the Jalisco coast, a
large extension of sandy beaches may be found that ranges from
Punta Perula in the southern zone to Cabo Corrientes in the north-
ern zone. This confirms the presence of a spatial barrier between
the populations and agrees with the results obtained by Kalvas
and Kautsky [30].

The analysis of morphological markers is the basis of variability
studies. Nonetheless, it is important for morphological marker
information to be correlated with the information generated by
molecular markers, as much of the morphological variation,
despite being under genetic control, depends on environmental
Fig. 4. Principal component analysis (PCA) of the genetic variability, morphological chara
coast of Jalisco.
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stimuli and changes with the maturity stage of the individuals in
question [31]. The morphological analysis indicated considerable
phenotypic variability among S. liebmannii populations along an
environmental gradient. Specifically, the S. liebmannii populations
were grouped according to the degree of habitat similarity, consid-
ering spatial interactions (geographic scale) and the results of the
genetic analyses.

Overall, the S. liebmannii populations in this study showed char-
acteristics that were related to ecological factors and to specific
geographic locations. The morphological division became evident
in the grouping analysis (Fig. 3), in which the individuals of six
populations were divided into three groups according to habitat
type (group I, intertidal environment exposed to waves; group II,
subtidal zone protected from waves; and group III, subtidal). A
similar study was carried out with S. polyceratium on Martinique
Island [32] and showed that morphological differences were corre-
lated with two environmental factors: water depth and wave expo-
sure. Engelen et al. [33] described an increase in the biomass of
algae in wave-exposed subtidal populations, as was found with
the Playa Los Muertos population in this study. In some cases,
macroalgae assemblages are small and hard because they inhabit
intertidal areas with high wave exposure [34], such as in Careyitos.

Other studies of various species of brown macroalgae, such as
those that have evaluated abiotic stress, have found that morpho-
logical variability is due to differences in coastal environments. For
example, Fowler-Walker et al. [35] showed severe morphological
changes in Carpophyllum angustifolium and Carpophyllum maschalo-
carpum due to wave exposure that were reflected in low frond size
and the number of vesicles. In contrast, in coastal regions of the
United Kingdom, Fowler-Walker et al. [35] found six species of
brown macroalgae that showed increased frond thickness associ-
ated with wave exposure. These kinds of notable changes consti-
tute an ecological strategy that seaweed species may employ to
mitigate mechanical disturbances or desiccation stress, which are
the main factors that drive population fragmentation [36]. In addi-
tion, Kalvas and Kautsky [37] stated that populations of Fucus
vesiculosus were disturbed by waves, which altered the morpho-
logical characteristics of the seaweeds. In particular, biomass, thal-
lus lengths, and receptacle frequencies were found to be low,
suggesting that these variations were the main factors constituting
morphological barriers among populations in nearby and adjacent
geographic regions.
cteristics, and environmental factors of the Sargassum liebmannii populations of the
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De Paula [38] analyzed the intraspecific morphological varia-
tion of Sargassum cymosum based on indeterminate barriers of geo-
graphical and ecological isolation and found that hybridization,
which is a process in which a new species is generated from the
crossing of two different species, was at work. Likewise, Fowler-
Walker et al. [35] performed a reciprocal transplantation experi-
ment with Ecklonia radiata and found that individuals that were
transplanted from protected to exposed habitats suddenly changed
their morphology, although algae transplanted from exposed to
protected sites also altered their morphology albeit slowly. The
potential for these effects should not be ruled out from this study.
However, these effects may be evaluated in future studies that
include larger collections and sampling throughout the entire year
in different habitats.
5. Conclusions

A molecular profile was achieved with ISSR markers for all indi-
viduals included in this study. This molecular characterization gen-
erated information on S. liebmannii genotypes on the Jalisco coast.
The results of the morphological analysis allowed for three groups
with similar morphological characteristics to be identified, which
were mainly influenced by the environmental variables of water
depth and wave exposure, in addition to their associations with
geographical areas. The results presented in this study will con-
tribute valuable information on the S. liebmannii genome that
may form the basis of future research and may aid in the develop-
ment of new DNA markers that may specifically characterize
populations.
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