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Abstract

Pyropia vietnamensis is one of the most luxuriously growing seaweed in Konkan coast, India. In the present study we at-
tempted to explore the morphology, ecology and molecular characteristics exhibited by P. vietnamensis and its taxonomic
implications. We described the effects of ecological parameters on the variability of morphological characters. The water
motion was found to be one of the most important ecological parameter that governs the plant morphology. The plant was
found to grow on entire intertidal region and this may be one of the possible reasons for high morphological variation among
the taxa in this region. The molecular analysis utilizing cox I gene sequences clearly revealed the close relation of Indian and
Brazilian specimens with only 0-1 bp intraspecific variation, The present study provides a beginning to a clearly required
detailed study of the morphology, ecology and genetic diversity showed by Pyropia species from Indian waters.
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Introduction

The marine macroalga Pyropia vietnamensis (Tak. Tanaka & P.H. Ho) J.E. Sutherland & Monotilla was first described
from the upper littoral zone of Vung-Tau (Cap. St. Jacqus), Vietnam by Tanaka & Ho (1962). The taxon was distinguished
from its closest relative Pyropia denticulate Levring based on its difference in frond size and the division formula of
spermatia. P, vietnamensis is one of the most important and abundantly growing seaweed in India (Sahoo et al. 2001).
Its occurrence was first reported by Sreeramulu (1952) as Porphyra naiadam Anderson from Waltair, Visakhapatnam,
India during the summer season (February to June) and later on same specimen was identified as P, vietnamensis by
Umamaheswara Rao & Sreeramulu (1963). P. vietnamensis was also reported from Dona Paula, Goa (Dhargalkar ef
al. 1981) and Colaba Coast, Maharashtra (Deodhar 1985) in monsoon season during the months of June to September.
Both Dona Paula and Colaba Coast falls within the Konkan region situated along the West coast of India.

Konkan is a northern part of the western coastal plain of India, situated between the Western Ghats and the
Arabian Sea. It is a narrow strip of about 50 km width that stretches from 15°37 to 20°20° latitude and 70°07" to
74°13 longitude. The Konkan coast is characterized by numerous backwaters, lagoons and rocky cliffs. However,
from the above reports it is clear that very few attempts have been made to explore the diversity of P. vietnamensis
from this region. It was surprising to note that, the world’s highly important and commercialized algal genus remained
underutilized by phycologist; despite its abundance on the Konkan coast.

We realized the possible reasons for such apparent apathy during the collection of Pyropia. It is amply clear from
our survey that the occurrence of the alga was visible during monsoon season (June-September). During this period,
the coast experienced very heavy rain, coupled with strong and huge waves hitting the coast. Consequently, the fishing
activities in this region also cease. These prevailing odd environmental conditions might have been deterrent for
phycologists to plan and execute collections of Pyropia during the monsoon period.

Recently, biodiversity assessment study of economically important seaweeds was undertaken by authors along
the west coast of India. We observed two different species of Pyropia along the Konkan region. Among these two
species, one was identified as P. acanthophora, a new report from the Indian region and subsequently reported as a
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new variety P. acanthophora var. robusta (Kavale ef al. 2014). The second species was P. vietnamensis. We found
notable morphological variations in P. vietnamensis. Although, several publications have appeared with respect to its
developmental, chemical and ecological studies{Anilkumar ef al. 2005, Sahoo et af. 2006, Subbarao et al. 2007, Bhatia
et al. 2010, Kavale ef al. 2013, Kumari et al. 2013); least attention was paid towards its systematics from the Konkan
coast. Thus, the present study mainly focuses on morphological, ecological and molecular characterization and their
taxonomical implication to understand the variation patterns in P. vietnamensis.

Material &Methods

Collection

The specimens analysed were collected from several locations along the coastal plain of the Konkan region. The
sites selected for collection are shown in Supplementary File, Fig. S1. Collection was made during the monsoon
season (July-September). Principle of random sampling was followed during the collections. The plants were found
growing on rocks in the supralittoral and eulittoral zones. The specimen was handpicked. The colour of the alga and
the extent of their growth were recorded in the field itself. Geomorphology and ordinates of collection sites are given
in Supplementary File, Table S1. Specimens were washed two to three times with sea water to remove adhering
materials such as sand particles, other debris as well as epiphytes. A solution of 4% formalin in seawater was used
as preservative. The collected material was preserved for further processing and characterization. Herbariums of the
specimens were made and submitted to the repository of Central National Herbarium, Botanical Survey of India,
Kolkata, India. Fresh specimens were stored at -20°C for the isolation of genomic DNA.

Morpholegical characterization

Initially specimens were assorted based on their shape and texture. Minimum 30 thalli of each specimen type were
used for observations. Length and width of the thalli were measured using thread and scale. Free hand sections were
taken for characterization. The features selected for the morphological characterization were shape, size, texture
and colour of the plant, base of the blade, nature of margins, thickness of the thallus, thickness of the mucilage,
diameter of monospores, diameter of vegetative and reproductive cells, distribution, division formula and number
of fertile cells etc. 1% aqueous Toludine Blue and 1% aqueous saffranine were used for staining and was mounted
in a medium containing 50% glycerin. Micrometer and ocular scales were used to determine the dimensions of the
material. Morphological observations were carried out on compound and phase contrast microscope (Motic, Hong
Kong). The characteristics of specimens were compared with previously published reports for identification (Tanaka
& Ho 1962, Krishnamurthy & Baluswami 1984),

Morphometric analysis

The morphological characters representing shape and size of the plant, habitat, nature of margin, color of the plant,
occurrence of spines, thickness of mucilage and thickness of the thallus in reproductive and vegetative part were scored
for the morphometric studies. Minimum 30 observations were taken for each character, The cluster analysis was
performed by UPGMA (unweighted pair group method with arithmetic mean algorithm) in Multi-Variate Statistical
Package (MVSP) program (Everitt, 1980).

Molecular characterization .
Total DNA was extracted with the Gene Elute ™ Plant Genomic DNA miniprep kit (Sigma Aldrich, St. Louis, USA)
following the manufacturei’s protocol. Amplification by PCR was performed in a master mix of volume 25 pl containing
200 pM of each dNTP, 5 pmol of each primer, 1X assay buffer, and 1.25 units of Tag DNA polymerase, The cox1
(cytochrome c oxidase subunit 1) gene was amplified using primers GazF1: 5’- TCAACAAATCATAAAGATATTGG
- 3" and GazR1: 5’- ACTTCTGGATGTCCAAAAAAYCA - 3’ (Saunders 2005). The amplification profile for cox!
followed Saunders (2005). The PCR products were purified with a Gene Elute™ Gel Extraction Kit (Sigma Aldrich,
St. Louis, USA) and sent for commercial sequencing (Xcelris Labs Ltd., India). The sequences were deposited in
GenBank under the accession numbers shown in Supplementary File, Table S1.

The phylogenetic analysis of cox/ gene data was carried out in MEGA version 6 (Tamura et al. 2013). The maximum
likelihood (ML) tree was constructed using General Time Reversible (GTR) (Tavaré 1986) nucleotide substitution
model with discrete Gamma distribution (+G) and invariant sites (+1). Best suited evolutionary model was estimated in
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MEGA version 6 under the Bayesian Information Criterion (BIC) (Schwarz 1978). Support for branches was estimated
by 1000 bootstrap replicates (Felsenstein 1985). The pairwise distances between sequences were calculated using the
Kimura two parameter (K2P) distance model (Kimura 1980) in MEGA version 6.

Results

The data presented in this study is the outcome of the algal collection made from August 2012 to September 2013
from various locations along the Konkan coast. Of the 22 sites visited, P. viethamensis was found growing only at 12
locations as listed in Table S1. A total of 15 specimens were studied for their ecological, morphological and molecular
characteristics.

Ecological characterization

It was observed that the growth of P, vietnamensis starts in the month of June. By the first half of August a fully grown
thalli was observed i. e. the vegetative thalli appeared during the month of July and developed to its reproductive stage
by first week of August. The growth of alga started declining with the end of monsoon and vanished by the end of
September. The plants were found to be growing on different kinds of rocky substrate (Supplementary File, Table S1).
It grows in patches towards the low water mark and then gradually spreads and covers the entire rock surface up to
high tide water mark. The other species like Ulva, Ceramium, Chaetomorpha, Spongomorpha and Sphacelaria were
also observed as associates of P. vietnamensis. However, at the end of monsoon season other species like Ulva and
Grateloupia started encroaching over P, vietnamensis.

Morphological characterization

Morphological characters of P. vietnamensis specimens are enlisted in Supplementary File, Table S2. The plants are
4-30 cm in height and 1.5-15 cm in width (Figs. 1-15). At younger stage plants look greenish brown and at maturity
it turns brownish red. The plants turned purple brown, purple pink and brown after drying. The plants vary in shapes
as linear, orbicular, lanceolate, orbilanceolate, ovate pyramidal and irregular (Figs. 1-15). Blades were sessile with
cordate base and delicate in texture. Several blades arise from a discoid holdfast. Margin of the blades were plain to
undulate with ruffled surface and with numerous spines (Figs. 1-15, Figs. 16-30). The spines were 1-2 celled and
up to 9.9 pm in height (Figs. 16-30). The plants in eulittoral zone showed higher number of spines as compared to
supralittoral zones. Generally the spines were observed in the lower to middle region of the blade. The thalli were
monostromatic, 23.1-49.5 pm thick in vegetative part (Figs. 31-45) and 29.7-52.8 pum in reproductive part (Figs. 46—
75). The vegetative cells were found to be polygonal with blunt corners and ranged from 13.2-23.1 pm in its greatest
dimensions. In cross section vegetative cells were one to two times higher than broader and ranged from 16.5-26.4
pm in height and 6.6-16.5 pm in width. The shape of the vegetative cells in the cross section was rectangular with
rounded corners. The surface mucilage was 6.6-13.2 pm thick on the either side of the section. Each vegetative cell
consisted of a stellate chloroplast with a central pyrenoid. The monosporangia were produced on the marginal region.
The monospores were round with diameter up to 23.1um. The plants were monoecious. Mostly spermatangia and
zygotosporangia were observed in mixed form and occasionally as irregular patches or in strips (Figs. 76-78). The
spermatangia and zygotosporangia were easily differentiated by their color. The spermatangia were colorless to pale
yellow while zygotosporangia appeared reddish brown in colour. There were 64 spermatia in each spermatangium
with division formula as a/4, b/4, ¢/4 and measured upto 3.3 pm in diameter. Each zygotosporangium consisted of 8
zygotospores ranging from 6.6-13.2 um in diameter and their division formula as a/2, b/2, c/2.

Morphometric analysis

The phenogram (Fig. 79) showed two main clusters, Cluster I and Cluster II. Cluster I included specimens Dona Paula,
Redi, Palshet, Hedavi I, Harihareshwar, Malvan I and Shekhadi. Cluster II included specimens Anjuna, Vagathor,
Purnagad I, Velaneshwar, Hedavi II, Malvan II, Purnagad II and Kolthare. These two clusters were mainly separated
based on their size and shape of the plant; wave exposed and wave sheltered habitat. Cluster I included specimen
which grows on wave shelter area while Cluster 2 comprised of specimens that grows on wave exposed area except
Purnagad I and Kolthare. The plants which were directly exposed to waves showed characteristically narrow width
and longer length. The shape of these plants varied between linear to lanceolate and margin was plain with ruffled
surface. On the other hand the specimens which were growing in semi-sheltered region showed variation in shapes
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FIGURES 1-15. Habit of Pyropia vieinamensis. 1. Harihareshwar (ARC- P- 31). 2. Shekhadi (ARC- P- 80). 3. Kolthare (ARC- P- 23).
4, Palshet (ARC- P- 3). 5. Malvan (ARC- P- 48). 6. Malvan (ARC- P- 69). 7. Purnagad (ARC- P- 21). 8. Pumagad (ARC- P-22). 9.
Velaneshwar (ARC- P- 8). 10. Anjuna (ARC- P- 192). 11. Hedavi (ARC- P- 12). 12, Vagathor (ARC- P- 196). 13, Hedavi (ARC- P- 20).
14. Dona Paula (ARC- P- 183). 15. Redi (ARC- P- 73).
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FIGURES 16-27. Spinulose margin of thallus. Scale bar = 10pum. 16. Anjuna, 17. Vagathor. 18, Malvan II. 29, Velaneshwar. 20, Hedavi
IL. 21, Purnagad I. 22. Redi. 23. Hedavi I. 24, Malvan I. 25. Dona Paula. 26. Palshet 27. Purnagad 11
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FIGURES 28-30. Spinulose margin of thallus. Scale bar = 10pm. 28. Kolthare. 29. Harihareshwar. 30. Shekhadi.

as lanceolate, oblanceolate, ovate and orbicular and occasionally irregular and less ruffled margin except Shekhadi.
However, specimen Purnagad [ was linear to lanceolate in shape despite its occurrence in semi-sheltered region.
Cluster I was subdivided into two sub-clusters I and 11 based on thickness of thallus in vegetative and reproductive
area, thickness of the mucilage and ruffled surface. Cluster II was differentiated into two sub-clusters viz. sub-cluster
III and 1V. In sub-cluster IIl, specimens Hedavi I, Velaneshwar and Purnagad were clustered together and showed
very high similarity. These specimens were separated from Vagathor and Anjuna specimens on the basis of color of
alga after drying. Specimens Hedavi II, Velaneshwar and Purnagad I were purple brown in color while specimens
Anjuna and Vagathor showed brown color. The Malvan II formed a separate lineage from rest of the specimens in the
Sub-cluster 111 due to the plant width and color of the alga after drying. The width of Malvan II was very less (up to
lcm) as compared with rest of the specimens. The sub-cluster IV consisted of specimens Purnagad I and Kolthare.
Both specimens were separated from sub-cluster III by less ruffled surface and occurrence of spines.

Molecular characterization

A total of 43 sequences of cox? gene were used to generate the dataset consisting of 672 nucleotide positions in total
alignment length. The dataset included 227 parsimony informative, 427 conserved and 245 variable sites. All Indian
specimens of P, vietnamensis showed monophyletic association in present ML tree (Fig. 80) with bootstrap support of
100%. P. vietnamensis (JN222751) reported from Pedra do Sal, Parnaiba, Brazil by Milstein ef al. (2010) grouped in
same clade. However, P. vietnamensis (HQ422669) of Hawaiian origin (Sherwood et al. 2010) was recovered as sister
lineage with strong bootstrap support of §7%. Specimens ARC-P-31 and ARC-P-23 diverged by single synonymous
nucleotide substitution from other P. vietnamensis sequences making maximum intraspecific genetic distance upto
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0.2%. However, the sequence variation of Hawaiian specimen of P. vietnamensis ranged from 10.1% to 10.3% with
other specimens. In phylogenetic tree this Hawaiian specimens showed close association with P. acanthophora. The
genetic distance between Hawaiian specimen and P. acanthophora clade was observed to be 5.7%.

FIGURES 31-45. Cross section of blade passing through vegetative area. Scale bar = 10pum. 31. Redi. 32, Hedavi 1. 33. Kolthare. 34.
Vagathor. 35. Pummagad II. 36, Harihareshwar. 37. Dona Paula. 38, Hedavi II. 39. Malvan II. 40, Velaneshwar. 41. Anjuna. 42, Malvan I.
43. Palshet. 44, Pumnagad I. 45. Shekhadi.

Discussion

Ecological characterization

It was observed that in Konkan coast the life cycle of £ vietnamensis completely depends upon the intensity of
monsoon. During monsoon, atmosphere remains cloudy with high levels of humidity (up to 100%) and temperature
gradually decreases as compared to summer. The salinity of sea water also decreases. All these parameters appeared
to favor the growth of P. vietnamensis. This observation corroborated with Pereira et al. (2005). Plant growth was
mainly governed by factors such as substratum, tide, water motion, availability of nutrients, light, temperature, salinity,
competition (Lobban ef a/. 1985, Grahan & Wilcox 2000). In the present study, water motion was found to be one of
the most important factors that govern the plant morphology. The plants which were exposed to wave action showed
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FIGURES 46-60. Cross section of blade passing through Spermatangia. Scale bar = 10um. 46. Redi. 47, Harihareshwar. 48. Palshet 49.
Dona Paula. 50. Hedavi I. 51, Vagathor. 52, Kolthare. 53. Anjuna. 54. Malvan 1. 55. Purnagad 1. 56. Hedavi II. 57. Malvan I1. 58.Shekhadi.
59. Velaneshwar. 60. Purnagad II.
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FIGURES 61-75. Cross section of blade passing through zygotosporangia. Scale bar = 10um. 61. Palshet, 62. Vagathor. 63. Dona Paula.
64. Hedavi 1. 65. Redi 66. Kolthare. 67. Purnagad I1. 68. Malvan 1. 69. Hedavi 1. 70. Shekhadi. 71. Harihareshwar. 72, Malvan I. 73.
Velaneshwar. 74. Anjuna. 75. Purnagad 1.
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maximum spines and ruffled margin. This may be an adaptation for survival so as to reduce the damaging effect
of the dragging force. Lobban & Harrison (1994) found that in sheltered intertidal region spines stimulate nutrient
uptake. It was also observed that in rough environment thalli appears delicate while under relatively calm environment
they may grow to large size (Graham & Wilcox 2000). The present study also showed that the plants which grow on
wave sheltered surface of rock e. g. specimens Hedavi I and Harihareshwar showed broadly ovate to orbicular shape
whereas other specimens which grow on wave exposed rock showed long linear to lanceolate shaped thalli. This was
also interpreted by Hus (1902) and Gabriela (1990). Furthermore, the wave exposed plants showed thinner thalli as
compared to wave sheltered plants. Thus, it can be inferred that the blade thickness is also affected by the water motion.

FIGURES 76-78. Surface view showing distribution of reproductive cells. Scale bar = 10pm. 76. Distribution in strips. 77. Distribution
in mixed. 78. Distribution in patches.
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FIGURE 79. UPGMA phenogram based on the 11 morphological characters generated by Gower’s general similarity coefficient.

Morphological characterization

In 1984, Krishnamurthy & Baluswami compared the Indian specimen of P. viethamensis with the type specimen
described by Tanaka & Ho (1962). In their study, the Indian specimen was found to be smaller and thicker. Since then,
no detailed study was reported describing the morphological variation of P. vietnamensis from other regions of Indian
waters. The present study showed high level of morphological plasticity in P. vietnamensis along the Konkan coast.
The specimens described in the present study mainly differs from the type specimen in size and shape of the plant
habitat, colour of the plant , thickness of the thallus, thickness of the mucilage, dimension and shape of the vegetative
cells. Although several morphological characters showed variation in P. vietnamensis, some of the characters seem
to be more or less constant for e.g. structure of the plant, sexuality, base of the plant, presence of spines, shape of
the chromatophore, number & formulae of spermatia and zygotospores. Most of the previous reports showed the
occurrence of alga in the upper littoral zone. However, in the present study it was found to grow on entire intertidal
region and this may be a possible reason for high morphological variation among the taxa.

Molecular characterization

The molecular analysis confirmed the identity of specimens as P. vietnamensis. The potential of cox/ gene for
biodiversity assessment of red algae has already been proved (Saunders 2005, Robba et al. 2006, Broadie et al. 2008,
Sherwood ef al. 2010, Kucera & Saunders 2012, Milstein ef al. 2012, Mols-Mortensen et al. 2012). The present
analysis showed 0-1 bp intraspecific variation in Indian and Brazilian specimens which corroborated with the results
for intraspecific variation range obtained for Pyropia by Milstein et al. (2012). However, question remains for the high
variation in sequences of these specimens with Hawaiian specimen of P. vietnamensis (HQ422669) which showed
closer relation to P. acanthophora clade. Furthermore, the morphological variations between Indian P. vietnamensis was
not substantiated through molecular analysis wherein cox/ gene sequences showed very low intraspecific variation.
In conclusion, this study revealed that the variations in morphological characters in P, vietnamensis are mainly governed
by environmental factors, However, to prove the genetic basis of this plasticity it needs further detailed study. Despite
of similar environmental conditions and rock types Pyropia was missing from certain sites visited for collections. All
these locations showed oil spills around the shore due to shipping base and their activities. In addition to this, the shore
was also found to be marshy. These may be the possible reasons for absence of Pyropia from these sites. However,
further detailed investigation with respect to nutrient availability, rock analysis and physicochemical parameters has to
be carried out. The present study provides a beginning to a clearly required detailed study of the morphology, ecology
and genetic diversity showed by Pyropia species from Indian waters.
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FIGURE 80. Phylogenetic tree based on cox/ sequence data reconstructed using Maximum likelihood. Values at nodes represent bootstrap
proportion (>50%).
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