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Green macroalgae Ulva shanxiensis L. Chen, J. Feng & S. L. Xie, 2015 (Ulvales, Chlorophyta) was previously known
only from the type locality Shentou Spring, Shuozhou City, China. In this study eight geographical isolates of tubular
Ulva were analysed from the western and southeastern Indian coast, which were suspected to be U. shanxiensis.
Morphological and molecular assessments were congruent that the collected samples were U. shanxiensis. The study
generated DNA sequence information of collected isolates at the following five loci: nuclear-encoded Internal Transcribed
Spacer (ITS1), rtDNA 18S, chloroplast-encoded Ribulose-1-5-Bisphosphate Carboxylase/Oxygenase large subunit (rbcL),
ATPase beta-subunit gene (azpB) and Elongation factor-TU (fufA). In Maximum Likelihood (ML) phylograms based on 18S
and fufA loci, all Indian isolates formed monophyletic clades with accessions of U. shanxiensis from China. In addition, the
current study generated DNA sequence barcodes of this species at three additional loci for the first time in the world: ITS1,
rbcL and atpB. In ML phylograms based on these three loci, all analysed isolates formed respective monophyletic clades,
confirming the original species discovery. This report is significant in two key aspects: firstly, it documents the species
presence outside of China for the first time. Secondly, it provides the first record of U. shanxiensis in a marine habitat,

extending its distribution beyond the previously recognised limnetic (freshwater) environment.
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Introduction

The widely distributed green macroalgal genus
Ulva L. (Ulvales, Chlorophyta) is commonly known
as “sea lettuce”. It exists in marine as well as
freshwater environments'® and has the ability to
proliferate and form blooms’. As Ulva exhibits
limited reliable morphological synapomorphic
characters, species delineation involving only
morphological characteristics is problematic’. DNA
sequence data often help with species delineation and
revealing cryptic diversity®’.

There are only very few reports of molecular
data on Ulva from the Indian subcontinent®'’.
Ulva shanxiensis® (Ulvaceae), had been described
from the freshwater environment of Shuozhou City
(Shanxi, China)’ in 2015. This taxon is generally
confused with Ulva prolifera and Ulva intestinalis,
but spinal branches on the main axis are thought to be
a synapomorphic character. According to IUCN
report'!, U. shanxiensis is categorised as a vulnerable
species as only 500 to 700 individuals are reported in
6 km® of Shentou spring in Shuozhou city (Shanxi,
China)’.

There have been no previous reports of
U. shanxiensis occurring outside of China or in any
marine habitats. In the current study, eight isolates of
Ulva were collected from different locations along
the Indian coastline. Besides, morphological and
microscopic  examinations of these isolates
DNA barcoding, a common method for species
identification was utilized to confirm their taxonomic
identification. Five DNA barcodes were selected that
are widely used for the identification of green algae
species: 18S, tufA, ITS1, atpB, and rbcL. Sequences
were generated for each of these markers, and
molecular phylogenetic analysis was conducted to
determine the systematic position of the isolates and
confirm their identity.

Materials and Methods

A total of eight isolates of tubular green
macroalgae were collected from six distinct localities
along the Indian coastline (Fig. 1). Details of these
isolates are outlined in Table 1. Multiple specimens
were randomly collected from each station and
transported into the laboratory in zip-lock plastic
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bags, maintaining cold conditions (4 — 10 °C).
After rinsing with distilled water, morphological
characterisation was carried out by using an upright
microscope (CX41RF, Olympus, Japan) (Figs. 2 & 3).
Pressed vouchers were made to deposit in the
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Fig. 1 — Sampling locations: 1 (Okha), 2 (Vijaydurg), 3 (Malwan),
4 (Vengurla), 5 (Kollam), and 6 (Mandapam)
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herbarium of the Central University of Punjab,
Bathinda (Table 1).

Extraction of total genomic DNA from the samples
was carried out using a HiPurA Algal Genomic
Extraction Kit (HiMedia Laboratories Pvt. Ltd.,
Mumbai) following manufacturer’s protocol. The
quantity and quality of extracted DNA were checked
with the spectrophotometer (Thermo Scientific Nano
Drop 2000) and on 0.8 % agarose gel, respectively.
The isolated DNA was then stored at -20 °C.

The PCR reaction mix of 20 ul, comprising 4 ul
each of 10 mM primer, 4 pl of template DNA
(25 ng/ul), 2 pl reaction buffer with 15 mM MgCl,
(Applied Biosystems, India), 0.6 unit of rTaq DNA
polymerase, 2 pl of 1 mM dNTPs (Thermo Scientific,
India), and sterile water. Ten universal primers
as listed in Table 2 were used to amplify 18S,
tufA (Elongation factor-TU), the ITS1 (Internal
Transcribed Spacer 1)'%, apB (ATPase beta subunit)
and rbcL (RUBISCO Large subunit) regions. PCR
amplifications were conducted in a programmable
thermal cycler (Veriti, ABI, USA) and the reaction
profile followed as discussed in Bast & Rani'”.

Purified PCR products underwent bidirectional
Sanger sequencing using a dideoxy chain termination
protocol with ABI BigDye Terminator Cycle
Sequencing Ready Reaction Kit v3.1 (Applied

Table 1 — Details of collected specimen

Sr. No. Name of algae Location ID Coordinates

1. Ulva Kollam, KOL-47.2 8°52'48" N,
shanxiensis Kerala 76°36'0" E

2. Ulva Kollam, KOL-49.3 8°52'48" N,
shanxiensis Kerala 76°36'0" E

3. Ulva Malvan, MAL-55 16°04'0.12" N
shanxiensis Maharashtra 73°28'.1128"E

4. Ulva Malvan, MAL-57  16°04'0.12" N
shanxiensis Mabharashtra 73°28'.1128"E

5. Ulva Vengurla, VEN-58 15°51'0.19" N,
shanxiensis Maharashtra 73°37'56.21" E

6. Ulva Vijaydurg, VIJ-59  16°33'38.52" N,
shanxiensis Mabharashtra 73°20'0.24" E

7. Ulva Okha, OKH-70 22°28'0" N,
shanxiensis Gujarat 69°4'0" E

8. Ulva Mandapam, MDP-241 8°18'0" N,
shanxiensis Tamil Nadu 77°12'0" E

Voucher herbarium Habitat Collection date
CUPVOUCHER-KOL- Attached, exposed rocky  21-07-2014
2014-UX-1 shore, pebbles or freely
floating.
CUPVOUCHER-KOL- Attached, exposed rocky  04-08-2014
2014-UX-2 shore, pebbles or freely
floating.
CUPVOUCHER-MAL- Attached to the surface, 23-07-2015
2015-UX-1 exposed to rocky shores.
CUPVOUCHER-MAL- Attached to the rocky 23-07-2015
2015-UX-2 surface, torned off after
maturation, freely
floating.
CUPVOUCHER-VEN- Attached to the rock or 24-07-2015
2015-UX-1 other hard substrate,
found in midlittoral zone.
CUPVOUCHER-VIJ-  Attached to the rocky 25-07-2015
2015-UX-1 surface, found in
intertidal zone.
CUPVOUCHER-OKH- Attached to the rocky 23-11-2015
2015-UX-1 surface, found midlittoral
zone
CUPVOUCHER-MDP- Attached to the rocky 03-01-2016

2016-UX-1

surface and other hard
substrata.
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Biosystems, Foster City, CA, USA), following the
methodology outlined by Bast et al.*'*"°. The resulting
DNA sequences were assembled using CodonCode
Aligner software (CodonCode Corporation, USA) and
deposited in GenBank (refer to Table 3).

A phylogenetic analysis was done involving
alignment construction, Maximum Likelihood (ML)
test to search best-fitting substitution models,
reconstructing phylogeny using various models, with
an initial tree generated by BioNJ and conducting
distance analysis as outlined in Bast"’,

Following BLAST, 32 sequences of different Ulva
species were aligned with seven isolates amplified
with the ITS1 region, with Ulvaria fusca and
Umbraulva japonica taken as outgroups. For the rbcL
regions, 21 sequences of various Ulva were aligned
with three isolates amplified with 7bcL region, where

Caulerpa scalpelliformis was selected as a outgroup.
Sequences were aligned at first by the MUSCLE
algorithm within the MEGA software version 7
(www.megasoftware.net/). Trimming of ends was
done to refine the alignment precision. Substitution
biases were modelled using the Tamura-Nei
parameter (TN93)'® model with Gamma distribution,
which was identified as the best model during the
assessment to find the best fitting substitution
models'”.

For the 18S regions, alignment was conducted with
13 sequences from various Ulva species, along with
four isolates that were amplified using the 18S region.
Umbraulva kuaweuweu was taken as the outgroup for
this analysis. The substitution bias was modelled by
Kimura-2-Parameter (K2)'® model with a Gamma
distribution.

Fig. 2 — Morphology of Ulva shanxiensis (KOL-47.2, KOL-49.3, MAL-55 and MAL-57) isolates from India. a — m) Represent gross
morphology of thallus, b — n) Represent basal branching pattern, c — 0) Represent presence of rhizoids , d — p) Represent shape of cell.
Scale bar =2 cm for (a — m); 20 um for (b —n) at 10X; 10 um for (c — o) at 40X; 2 um for (d — p) at 100X
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Fig. 3 — Morphology of Ulva shanxiensis (VEN-58, V1J-59, OKH-70 and MDP-241) isolates from India. a — m) Represent gross
morphology of thallus, b — n) Represent basal branching pattern, ¢ — 0) Represent presence of rhizoids, d — p) Represent shape of cell.
Scale bar =2 cm for (a — m); 20 um for (b — n) at 10X; 10 um for (c — o) at 40X; 2 um for (d — p) at 100X

Table 2 — List of primers employed for PCR amplification

Sr. No. Target region Name of primer  Sequence of primer Reference

1. ITS1 (Nuclear) ITS1 5 TCCGTAGGTGAACCTGCGG 3’ (Saunders & Kucera'?)
ITS2 3’ GCTGCGTTCTTCATCGATGC 5’

2. 18S (Nuclear) 18S Forward 5> GTCATATGCTTGTCTCAAAGATTAAGCC 3’ (Oldach et al*)
18S Reverse 3’ CCTTGTTACGACTTCTCCTTCCTCTAA 5°

3. tufA (Chloroplast) tufA Forward 5> GGNGCNGCNCAAATGGAYGG 3’ (Saunders & Kucera'?)
tufA Reverse 3’CCTTCNCGAATMGCRAAWCGC 5’

4, atpB (Chloroplast) atpB Forward 5> GTATGCGTGTTGCTTTAAC 3’ (Saunders & Kucera'?)
atpB Reverse 3’ TCTTGTAGACCACCCATTTC 5

5. rbeL (Chloroplast) rbcL Forward 5" TAAAGCAGGTGCAGGATTTAAAGC 3’ (Boo & Lee”)
rbcLReverse 3’ TATCAAATTCAAATTTAATTTCTTTCCAAAC S’

Table 3 — Details of generated DNA sequence data

Sr.No. Name of algae Sample ID GenBank accession number
18S ITS1 tufA atpB rbcL

1. Ulva shanxiensis KOL-47.2 - MG763140 - - -

2. Ulva shanxiensis KOL-49.3 MG774433 MG763141 MG918120 - MG918098
3. Ulva shanxiensis MAL-55 - MG763142 - MG918108 -

4. Ulva shanxiensis MAL-57 - MG763143 - MG918109 -

5. Ulva shanxiensis VEN-58 MHO071442 MG763144 MG918122 - MG918099
6. Ulva shanxiensis V1J-59 - - - MG918110 -

7. Ulva shanxiensis OKH-70 MG774435 MG763145 MG918123 MGI18112 MG918100
8. Ulva shanxiensis MDP-241 MG774436 MG763146 MH105040 MG918114 -
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For tufA regions, 13 sequences of different Ulva
were aligned with four isolates amplified with the
tufA  region. Ulvaria obscura and Umbraulva
Jjaponica were selected as the outgroups. For the atpB
regions, three sequences of different Ulva were
aligned with five isolates that were amplified with the
atpB region. Caulerpa brownie was chosen as
outgroup. The substitution biases were modelled by
Tamura-3-parameter (T92) model .

Heuristic searches were conducted with tree
bisection-reconnection, MULTREES and steepest
descent options enabled. To estimate interior branch
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support, 500 bootstrap replicates were achieved under
the ML criterion®. Subsequently, a consensus tree
was made using the consensus tree builder feature
within MEGA.

Results

Morphology of the collected specimens

Morphological analyses of collected specimens
showed similarity with previously described features
of U. shanxiensis (Table 4). The isolates obtained in
the present study were tubular, attached or floating
and had rhizoids in the basal region of thallus. Thalli

Table 4 — Morphological and microscopic characteristics of collected Ulva thalli in comparison with the species description of U. shanxiensis

Sr. No. Name of algae Sample Thallus type/ Colour/
(Fig. No.) ID Branching/Type of
secondary branch
1. Ulva KOL-47.2  Tubular/ dark green/ highly
shanxiensis branched/ bifurcating distal
(2a-2e) end/ multiseriate
2. Ulva KOL-49.3  Tubular/ unbranched,
shanxiensis multiple young branches
(2£-2j) arises from basal region/
multiseriate
3. Ulva MAL-55 Tubular/ opposite branching
shanxiensis pattern, coiled, conical tip,
(2k-20) scale present/ multiseriate
4. Ulva MAL-57 Tubular or
shanxiensis compressed/yellow to dark
(2p-2t) green alternatively branched/
uniseriate or multiseriate/
rounded tip
5. Ulva VEN-58 Tubular/ yellow to dark
shanxiensis green/ alternatively branched,
(3a-3e) rounded tip/ uniseriate or
multiseriate
6. Ulva V1J-59 Tubular/ yellowish green/
shanxiensis alternatively branched/
(3£-3)) multiseriate/ rounded tip/
main axis broader than
secondary branches
7. Ulva OKH-70 Tubular, compressed/
shanxiensis yellowish green to grass
(3k-30) green/ alternative branched/
uniseriate or multiseriate/
distal end broader
8. Ulva MDP-241  Tubular and compressed at
shanxiensis distal ends/ light to dark
(3p-3t) green/ coiled/ branched or
unbranched/ multiseriate
9. Ulva Chen et al., Thallus tubular/ light green/
shanxiensis 2015 coiled/upto 25 mm/Abundant

spinal branched and ends
with single tier
cell/Multiseriate

Thallus size/ Cell shape/Cell Cell size in pm?,

Shape arrangement +SD/Chloroplast type
1-2 e/ Cuboidal or 99.03+10.33/ Densely
bushy/ rectangular/ linear rows packed, occupied
opening at  or irregular at distal complete cell
distalend  ends/ biseriate and
single cell at tip apices
2-20 cm/ Rectangular or 86.215+3.31/ Thick
bushy cuboidal/linear rows  patches
or irregular at distal
ends
5-10 cm/ Rectangular or 119.01+7.6/ Thick
bushy cuboidal, irregular/ patches
linear rows, irregular
5-10 cm/ Rectangular, 172.184+13.84/Thick
bushy polygonal, cuboidal/  patches
linear, irregular at
distal ends
20 cm/ Cuboidal rectangular,  63.09+15.74/Thick
bushy irregular / irregular patches
10-15cm/  Rectangular or 173.771£18.75/Very
bushy polygonal/ regular or  less
irregular
2-5 cm/ Cuboidal or polygonal/ 149.228+2.84/Thick
bushy regular and linear rows/ patches
irregular at distal ends
5-7 cm long/ Cuboidal or polygonal/ 130.705+14.2/
bushy linear rows/ irregular ~ Completely occupied
inshape & arrangement cell areas
at middle region
5-7 cm long/ Polygonal to quadrate/ Completely occupied
bushy longitudinal series/ cell areas

round to polygonal/
becoming less ordered
in older ones
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were dark green, fragile, easily torn and had highly
coiled distal ends. Apical regions of the filaments
were unbranched, but multiple branches were present
near the basal region. Further, a few isolates were
highly branched, while others had comparatively less
branched thalli. The branches of the thalli were
uniseriate and spinal. Branches had single tiers with a
rounded tip. The fronds were tubular at the base while
compressed, broad leaf-like in the apical region in a
few isolates. Some isolates were entirely tubular.
Thallus size varied from 2 to 20 cm. Thallus had
rectangular or polygonal cells with a rounded corner
in surface view. The cell wall was thick. Cells were
organised in linear rows in the basal region but less
ordered towards the apical region. Furthermore, the
chloroplast completely or partially covered the cell.

Molecular analysis

BLAST homology search revealed that the nearest
hit of 18S (% pairwise similarity = 100 %) and fufA
(% pairwise similarity = 94 %) sequences of the
Indian isolates was accessions of Ulva shanxiensis
that were previously generated from the holotype of
the Chinese isolate. In the ML phylograms based
upon the 18S (Fig. 4) and fufA (Fig. 5) loci, all of our
isolates formed monophyletic clades with these
accessions from China, confirming the species

AJ005414.1 Ulva rigida
82 HQ850571.1 Ulva pertusa
AB425964.1 Ulva fasciata
41 AB425965.1 Ulva reticulata
AB425966.1 Ulva intestinalis
AB425962.1 Ulva linza
a5}, AF189078.1 Ulva curvata
AB425963.1 Ulva flexuosa

47

86

— AB425967.1 Ulva compressa
_|_— AB426255.1 Umbraulva japonica
91 AY303590.1 Ulvaria obscura

—
0.005

identification. Sequence information for this species
at atpB, ITS and rbcL loci is nonexistent prior to this
study. However, in each of the ML phylograms, all
accessions of the present study formed respective
monophyletic clades, confirming the proposed species
discovery. These phylograms - based on ITS (Fig. 6),
atpB (Fig. 7) and rbcL (Fig. 8), also showed that this
species clustered in a large, well-supported clade
consisting of Ulva flexuosa and Ulva linza, indicating
evolutionary affinity with these species.

Discussion

Ulva shanxiensis identified from Okha, Vijaydurg,
Malwan, Vengurla, Kollam, and Mandapam in this
study forms a new taxonomic record for the Indian
coastline. Phylogenetic analyses of all five loci were
congruent that U. shanxiensis, U. intestinalis and
U. prolifera are indeed distinct, monophyletic
clades. Morphological plasticity is known to
affect morphology-based species delineation of
U. shanxiensis, as already pointed out by Chen ef al.”.
However, present samples of U. shanxiensis fit well
within the original species description of this taxon.
Minor differences in thallus size and branching
pattern could be due to seasonality and local
ecological constraints. Multiple studies have indicated
that branching is not a consistent trait in tubular

MG774436.1 Ulva shanxiensis isolate MDP-241
MG774435.1 Ulva shanxiensis isolate OKH-241

MHO071442.1 Ulva shanxiensis VEN-58

Ulva shanxiensis

a7 _| MG774433.1 Ulva shanxiensis isolate KOL-49.3
98! KJ617035.1 Ulva shanxiensis (China)

Fig. 4 — Phylogenetic position of tubular Ulva shanxiensis isolates from India among other Ulva accessions in 18S dataset. The analysis
employed the Maximum Likelihood phylogenetic reconstruction method yielding a LnL score of 7393.566212. Molecular evolution was
modeled using the Kimura-2-parameter and Gamma distribution model (K2). Bootstrap support values (500 replicates) are indicated near
nodes on the phylogram. This phylogram is rooted with Umbraulva kuaweuweu as an outgroup. Scale bar provided at the bottom

represents average nucleotide substitutions per site
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100
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7 —— HQ610300.1 Ulva gigantea

98

475

76— JN029307.1 Ulva flexuosa
63 _|_— JN029283.1 Ulva californica

JN029342.1 Ulva torta
HQ610435.1 Ulva stenophylla

JN029337.1 Ulva procera

4] 499|__ EF595300.1 Ulva linza
MG918122 Ulva shanxiensis isolate VEN-58
MH105040 Ulva shanxiensis isolate MDP-241
MG918123 Ulva shanxiensis isolate OKH-70
MG918120 Ulva shanxiensis isolate KOL-49.3
801 KJ617036.1 Ulva shanxiensis (China)

Ulva shanxiensis

—— JN029327.1 Ulva laetevirens

100 _LJN0293061 Ulva fasciata
92 KU561315.1 Ulva ohnoi

KT932985.1 Ulva ohiohilulu

97
74 4'

85 ——— EF595335.1 Ulva intestinalis

JN029254.1 Ulva australis

HQ610366.1 Ulva lactuca
HQ610377.1 Ulva lobata

a9 _|: HE600185.1 Ulva compressa
72

JN029318.1 Ulva howensis

AY454402.1 Ulvaria obscura

E—

0.0

JN029345.1 Umbraulva japonica

Fig. 5 — Phylogenetic position of tubular Ulva shanxiensis isolates from India among other Ulva accessions in fufA dataset. The analysis
employed the Maximum Likelihood phylogenetic reconstruction method yielding a LnL score of 4452.596. Molecular evolution was
modeled using Tamura-3-parameter (T92) and Gamma distribution model. Bootstrap support values (500 replicates) are indicated near
nodes on the phylogram. This phylogram is rooted with Ulvaria obscura and Umbraulva japonica as an outgroup. Scale bar provided at

the bottom represents average nucleotide substitutions per site

Ulva species” . Several culture studies have shown
that the branching pattern and its switch to an
unbranched condition in Ulva can be induced by
changing the salinity of culture media® as well as by
modulating epiphytic bacteria>®. Adaptation to
salinity gradients in Ulva is a complex process
involving both physiological and microbiome-
mediated mechanisms. Its ability to adapt to
varying salinity allows it to colonize a wide range of
habitats, contributing to its ecological role as a
primary producer in marine and brackish water
ecosystems.

Moreover, this study reaffirms the potential of
DNA sequence-based species delineation in Ulva, as

suggested by numerous past studies. Reliance on
morphological characters alone, would have led to
erroneous identification, especially given that
U. shanxiensis is thought to be a freshwater species
prior to this study. However, the current study could
not reveal which habitat is putative for this species;
marine to freshwater secondary adaptation, or vice
versa. While a systematic biodiversity survey of
U. shanxiensis has not been attempted in this study,
preliminary  observations suggest that natural
populations of this species occur at the sampled
locations aplenty, with more than 1000 thalli at each
location. Therefore, IUCN categorisation of this
species as vulnerable also seems erroneous.
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3B AB(097658.1 Uwa periusa
3 AY260563.1 Uve lobata
0 AB097650.1 Uva arasaki
_0 AJ234315.1 Uhve califomica
AB097643.1 Uhve intestinalis
AJ234314.1 Uwe pseudocunaia
_E'EAssams. 1 Uva compressa
EU933971.1 Uha tannen
KC411869.1 Uhe flexuosa
AB830507.1 Uva simplex
AB830503.1 Uhe forta
AY260569.1 Uva sienophyila
AJ012276.1 Enterom orpha ahinenana
AB830513.1 Uvalimnedca
AJ224310.1 Uva Iaciuca
_1§EY260562.1 Ue fenestrata
KC861348.1 Uva faeniaiz
KC661326.1 Ulva erecia
KC661346.1 Uha fasciata
KR006939.1 Uva prolifera
KT374009.1 Uva sapor
KF385506.1 Uva paschima

|

KC861330.1 Uvalinza

_m.i: KT429218.1 Uhve chauguli
KC661340.1 U rigida

45— AB097666.1 Uve spinulosa
b AB116033.1 U ohnoi
JQ048947.1 Uva Iaetevirens
AJ234318.1 Ul scandinavica
AB097660.1 Uva amm oricana

[=]

2

MG763140 Ulva shanxiensis isolate KOL47.2
MG763142 Ulva shanxiensis isolae M AL-55
MG763143 Ulva shanxiensis isolate M AL-57
M G763144 Uva shanxiensis isolate VEN-59
MG763141 Ulva shanxiensis isolate KOL49.3
M G763145 Uva shanxiensis isolate OKH-70

1

MG 763146 Ulva shanxiensis isolate M DP-241

AF127170.1 Enterom orpha m uscoides

LA®B53284.1 Uwe clathraiz

AB097637.1 Uhana fusca

91 | AB(097639.1 Um braulva japonica

o

Ulva shanxiensis

Fig. 6 — Phylogenetic position of tubular Ulva shanxiensis isolates from India among other Ulva accessions in ITS1 dataset. The analysis
employed the Maximum Likelihood phylogenetic reconstruction method yielding a LnL score of 3725.734573. Molecular evolution was
modeled using Tamura-Nei parameter and Gamma distribution model of molecular evolution (TN93). This phylogram is rooted
with Ulvaria fusca and Umbraulva japonica as an outgroup. Scale bar provided at the bottom represents average nucleotide substitutions
per site
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MG918112 Ulva shanxiensis isolate OKH-70

MG918114 Ulva shanxiensis isolare M DP-241

MG918108 Ulva shanxiensis isolate M AL-55 Ulva shanxiensis

P M G918109 Uva shanxiensis isolate MAL-57
n M G918110 Ulva shanxiensis isolate VIJ-59
_____ABS61014.1 Uhe arasaki

EUB80544.1 Uws intestinalis
L EUB80545.1 Uhe Iactuca

EU380557.1 Caulerpa brownii

'_UE—|

Fig. 7 — Phylogenetic position of tubular Ulva shanxiensis isolates from India among other Ulva accessions in atpB dataset. The analysis
employed the Maximum Likelihood phylogenetic reconstruction method yielding a LnL score of 1865.987833. Molecular evolution
was modeled using Tamura-3-Parameter and gamma distribution model of molecular evolution (T92). Bootstrap support values
(500 replicates) are indicated near nodes on the phylogram. This phylogram is rooted with Caulerpa brownie as an outgroup. Scale bar

provided at the bottom represents average nucleotide substitutions per site

95| EU484415.1 Ulva californica
37l AY422559.1 Ulva californica

21l AB097619.1 Ulva flexuosa
81 AB894325 1 Ulva tanneri
49|t AB830519.1 Ulva torta
- AY255874.1 Ulva stenophylla
. AB598810.1 Ulva prolifera
58 4{ AY422562.1 Ulva procera

; AB097620.1 Ulva linza
MG918099 Ulva shanxiensis isolate VEN-58
§|:M6918098 Ulva shanxiensis isolate KOL-49.3 | Ulva shanxiensis
MG918100 Ulva shanxiensis isolate OKH-70

AB097617.1 Ulva intestinalis
HQ603531.1 Ulva compressa
1] ol EU484413.1 Ulva lactuca

HIM103371.1 Ulva australis

50 EU484404.1 Ulva rotundata

22 AY255868.1 Ulva lobata
41l EU484414.1 Ulva gigantea
EU484417.1 Ulva rigida
EU484416.1 Ulva scandinavica
AB116040.1 Ulva ohnoi

EU933943.1 Ulva laetevirens
EU484418.1 Ulva fasciata
AB054013.1 Caulerpa scalpelliformis

19

A
0.05
Fig. 8 — Phylogenetic position of tubular Ulva shanxiensis isolates from India among other Ulva accessions in rbcL dataset. The analysis
employed the Maximum Likelihood phylogenetic reconstruction method yielding a LnL score of 1873.838103. Molecular evolution was
modeled using Tamura-nei parameter and Gamma distribution model of molecular evolution (TN93). Bootstrap support values (500
replicates) are indicated near nodes on the phylogram. This phylogram is rooted with Caulerpa taxifolia as an outgroup. Scale bar

provided at the bottom represents average nucleotide substitutions per site
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Conclusion

This study reports the presence of Ulva shanxiensis
for the first time in India, which constitutes the first
ever report outside of China. Morphological and
molecular data were congruent in species identity as
U. shanxiensis. Ulva shanxiensis had never been
reported from marine habitats anywhere in the world
before this study.

Acknowledgements

This study was supported by the grant-in-aid from
the SERB CRG Award, Government of India,
awarded to FB. MK and RKM would like to thank the
University Grants Commission (UGC) for financial
assistance as PhD fellowship (JRF). The authors are
also thankful to the DST FIST Grant-in-aid, reference
number SR/FST/LS-1/2020/717, to the Department of
Botany, Central University of Punjab, India.

Conflict of Interest
No potential conflict of interest was reported by the
authors.

Ethical Statement
Human subjects or animals were not involved in
this study.

Author Contributions

PR conceptualised the study and contributed to
data acquisition. PR, MK & RKM worked on writing,
editing and technical analysis of the manuscript. FB
collected the sample and contributed to reviewing and
editing of the manuscript and secured the funding for
the study.

References

1 Tran L AT, Vieira C, Steinhagen S, Maggs C A, Hiraoka M,
et al., An appraisal of Ulva (Ulvophyceae, Chlorophyta)
taxonomy, J Appl Phycol, 34 (5) (2022) 2689-2703.
https://doi.org/10.1007/s10811-022-02815-x

2 Lagourgue L, Gobin S, Brisset M, Vandenberghe
S, Bonneville C, et al, Ten new species of Ulva
(Ulvophyceae, Chlorophyta) discovered in New Caledonia:
Genetic and morphological diversity, and bloom
potential, Eur J Phycol, 57 (4) (2022) 458-478.
https://doi.org/10.1080/09670262.2022.2027023

3 Chen L, Feng J & Xie S, Ulva shanxiensis (Ulvaceae), a new
species from Shanxi, China, Novon, 23 (4) (2015) 397-405.
https://doi.org/10.3417/2013021

4  Phillips J A, Lawton R J, Denys R, Paul N A & Carl C,
Ulva sapora sp. Nov., an abundant tubular species of
Ulva (Ulvales) from the tropical pacific ocean, Phycologia,
55 (1) (2016) 55-64. https://doi.org/10.2216/15-114.1

5  Steinhagen S, Kramar L & Toth G B, The unheeded
existence of the tubular greens: molecular analyses reveal the

10

11

12

13

14

15

16

17

18

19

INDIAN J GEO-MAR SCI, VOL 53, NO 06, JUNE 2024

distribution of a new Ulva species (Ulvophyceae,
Chlorophyta), Ulva capillata sp. nov. in the Atlantic-Baltic
Sea transect, J Appl Phycol, 35 (1) (2023) 509-522.
https://doi.org/10.1007/s10811-022-02886-w

Melton III J T & Lopez-Bautista J] M, Diversity of the green
macroalgal genus Ulva (Ulvophyceae, Chlorophyta) from the
east and gulf coast of the United States based on
molecular data, J Phycol, 57 (2) (2021) 551-568.
https://doi.org/10.1111/jpy.13120

Leskinen E, Alstrom-Rapaport C & Pamilo P,
Phylogeographical structure, distribution and genetic variation
of the green algae Ulva intestinalis and U. compressa
(Chlorophyta) in the Baltic Sea area, Mol Ecol, 13 (8) (2004)
2257-2265. https://doi.org/10.1111/j.1365-294x.2004.02219.x
Bast F, John A A & Bhushan S, Strong endemism of
bloom-forming tubular Ulva in Indian west coast, with
description of Ulva paschima sp. mnov. (Ulvales,
Chlorophyta), PloS omne, 9 (10) (2014) e109295.
https://doi.org/10.1371/journal.pone.0109295

Bhushan S, Mehra R, Rani P, Bast F & Db Indalgae, An on-
line resource of marine algae from India identified on the
basis of molecular and morphological features, Curr Sci, 111
(25) (2016) 723-726.

Kazi M A, Kavale M G & Singh V V, Morphological and
molecular characterization of Ulva chaugulii sp. Nov.,
U. lactuca and U. ohnoi (Ulvophyceae, Chlorophyta)
from India, Phycologia, 55 (1) (2016) 45-54.
https://doi.org/10.2216/15-11.1

IUCN, IUCN Red List Categories and Criteria: Version 3.1,
2" edn, (IUCN, Gland, Switzerland and Cambridge, UK),
2012, pp. iv, 32.

Saunders G W & Kucera H, An evaluation of rbcL, tufA,
upa, LSU and ITS as DNA barcode markers for the
marine green macroalgae, Cryptogamie Algol, 31 (4) (2010)
487-528.

Bast F & Rani P, First report of Ulva sapora (Ulvales,
Chlorophyta) from Indian subcontinent, /nt J Plant Environ,
5(01) (2019) 50-56. https://doi.org/10.18811/ijpen.v5i01.9
Bast F, Rani P & Meena D, Chloroplast DNA
phylogeography of holy basil (Ocimum tenuiflorum) in
Indian subcontinent, Sci World J, 10 e8 (4) (2014) 74-82.
https://doi.org/10.1155/2014/847482

Bast F, Sequence similarity search, Multiple sequence
alignment Model selection, Distance matrix and Phylogeny
reconstruction, Nature protocol exchange, (2013) 1-5.
Tamura K & Nei M, Estimation of the number of nucleotide
substitutions in the control region of mitochondrial DNA in
humans and chimpanzees, Mol Biol Evol, 10 (3) (1993) 512-
526. https://doi.org/10.1093/oxfordjournals.molbev.a040023
Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al.,
MEGAS: Molecular evolutionary genetics analysis using
Maximum Likelihood, Evolutionary Distance, and Maximum
Parsimony methods, Mol Biol Evol, 28 (10) (2011) 2731-
2739. https://doi.org/10.1093/molbev/msr121

Kimura M & Ohta T, On the stochastic model for estimation
of mutational distance between homologous proteins,
J Mol Evol, 2 (1972) 87-90. https://doi.org/10.1007/BF
01653945

Tamura K, Stecher G, Peterson D, Filipski A & Kumar S,
MEGA6: Molecular evolutionary  genetics  analysis
version 6.0, Mol Biol Evol, 30 (12) (2013) 2725-2729.
https://doi.org/10.1093/molbemst197



20

21

22

23

24

RANI et al.: FIRST REPORT OF ULVA SHANXIENSIS FROM MARINE HABITAT

Felsenstein J, Confidence limits on Phylogenies: An
approach using the Bootstrap, Evolution, 39 (4) (1985)
783-791. https://doi.org/10.2307/2408678

Mathieson A & Penniman C, Species composition and
seasonality of New England seaweeds along an open coastal-
estuarine gradient, Bot Mar, 29 (2) (1986) 161-176.
https://doi.org/10.1515/botm.1986.29.2.161

Tan I H, Blomster J, Hansen G, Leskinen E, Maggs C A,
et al., Molecular phylogenetic evidence for a reversible
morphogenetic switch controlling the gross morphology
of two common genera of green seaweeds, Ulva and
Enteromorpha, Mol Biol Evol, 16 (8) (1999) 1011-1018.
https://doi.org/10.1093/oxfordjournals.molbev.a026190
Blomster J, Maggs C A & Stanhope M J, Molecular
and morphological analysis of Enteromorpha intestinalis and
E. compressa (Chlorophyta) in the British Isles, J Phycol,
34 (2) (1998) 319-340. https://doi.org/10.1046/j.1529-
8817.1998.340319.x

Wang J, Jiang P, Cui Y, Li N, Wang M, et al., Molecular
analysis of green-tide-forming macroalgae in the Yellow Sea,

25

26

27

479

Aquat Bot, 93 (1) (2010) 25-31. https://doi.org/10.1016/
j-aquabot.2010.03.001

Marshall K, Joint I, Callow M E & Callow J A, Effect of
marine bacterial isolates on the growth and morphology of
axenic plantlets of the green alga Ulva linza, Microb Ecol,
52 (2) (2006) 302-310. https://doi.org/10.1007/s00248-006-
9060-x

Oldach D W, Delwiche C F, Jakobsen K S, Tengs T,
Brown E G, et al., Heteroduplex mobility assay-
guided sequence discovery: Elucidation of the small
subunit (18S) rDNA sequences of Pfiesteria piscicida

and related dinoflagellates from complex algal
culture and environmental sample DNA  pools,
Proc  Natl Acad Sci, 97 (8) (2000) 4303-4308.

https://doi.org/10.1073/pnas.97.8.4303

Boo S M & Lee W J, Ulva and Enteromorpha (Ulvaceae,
Chlorophyta) from two sides of the Yellow Sea Analysis
of nuclear rDNA ITS and plastid rbcL sequence
data, Chinese J Oceanol Limnol, 28 (4) (2010) 762-768.
https://doi.org/10.1007/s00343-010-9069-3



