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Abstract

The red alga Gracilaria dura is economically important due to its high-quality agarose. Previous studies with wild populations
reported the existence of specific differences in functional traits as well as agar characteristics among life cycle stages. In farmed
populations, such differences can be exploited for commercial gains. For that, the variation among stages still needs to be well
established under farming scenarios. Here, we compared the life cycle stages of G. dura regarding morphological and anatomical
structures, growth performance under preliminary field trials, characteristics of agarose of cultivated biomass with biochemical
(NMR) and molecular profiling (SCoT). The male gametophyte was found to have a significantly higher growth rate of 6.23 +
0.59% day ' than the tetrasporophyte (5.10 = 0.14% day ') and cystocarpic female gametophyte (2.67 + 0.32% day '). A
maximum agarose yield of 28.6 £ 1.53% was obtained from the tetrasporophyte, significantly higher than 27.4 + 0.60% in
cystocarpic female gametophyte and 25.2 + 0.36% in male gametophyte. The gel strength of agarose from male gametophytes
was 2384 + 124.13 g cm 2, which was significantly higher than the 1900 + 50 g cm 2 and 2122 + 124.03 g cm ? recorded from
tetrasporophytes and cystocarpic female gametophytes, respectively. A metabolomic study by NMR spectroscopy showed
critical differences in alanine, lactate and isethionic acid among stages. The genetic correlation studied with the SCoT marker
showed an average polymorphism of 47.02%. The average heterozygosity and Shannon-Wiener index were 0.63 and 1.06
respectively. This study of characterising and differentiating isomorphic life phases of G. dura by a decisive biomarker could
be a valuable reference point to select an appropriate cultivar for commercial farming and breeding programmes.
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Seaweeds are some of the most efficient biomass producers on

the planet. For some time, they have been commercially
exploited, mainly for food consumption (Knoop et al. 2020)
and for their gelling-type molecules (Santos and Melo 2018).
The recent fiscal inertia adversely affected the polysaccharide
market, with the dismal performance of carrageenan and algi-
nate sales, but global agar trade reported an impressive 7%
annual growth. About 125,200 dry tonnes of biomass have
been processed to produce ca. 14,500 t of industrial agar worth
246 million US$ (Porse and Rudolph 2017). Agarose is more
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refined form of agar consisting of repeating disaccharide units
of (1,3)-linked (3-D-galactose (G) and (1,4)-linked «-I-3, 6-
anhydrogalactose. Agarose has also been prepared from
Gracilaria dura (Meena et al. 2007), Gelidium amansii
(Wang et al. 2012; Chew et al. 2018), Ahnfeltia plicata (Yu
et al. 2019) and Gracilaria gigas (Efendi et al. 2015). New
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products derived through functional modification of agarose
are being synthesised having niche applications in biomedical,
bioengineering and molecular biology domains (Kondaveeti
et al. 2013; Chaudhary et al. 2014; Chudasama et al. 2016;
Sharma et al. 2017; Chadar et al. 2019). An alternative to the
traditional energy-intensive freeze-thaw method for agarose
production has been developed by employing surfactant-
induced coagulation (Meena et al. 2014). The studies
pertaining to resource augmentation and improvement are
thus desired for further capitalising on financial gains.

Gracilaria dura (C. Agardh) J. Agardh has been reported
from Europe, Atlantic Islands, South America, Africa, the
Middle East and Asia (Guiry and Guiry 2020). The collections
from Indian waters have been reported to produce superior
quality agarose of gel strength of 1900-2200 g cm 2 (1%
gel) benchmarking it with the commercial high-quality aga-
rose from Sigma agarose (A0576) (Meena et al. 2007, 2014).
It is worth mentioning that this process is direct and solvent
free which circumvents traditional protocol of fractionation of
agar to obtain low-gelling, high gel-strength agarose polymer.
The method has been patented (Siddhanta et al. 2005). The
agarose obtained by employing this method has comparable
specifications to that which are commercially available. Thus,
the Council of Scientific and Industrial Research (CSIR), New
Delhi has acquired “Trademark - Sagarose”; number
2123313; March 30, 2011; Office of the Registrar of Trade
Marks, Govt. of India. Further, a systematic, integrated and
green process was developed for complete utilisation of feed-
stock to obtain spectrum of commercially valuable and indus-
trially important products, namely pigments, lipids, agar, ag-
riculturally important nutrient-rich liquid and energy-dense
cellulose (Reddy et al. 2016). The gel strength of the native
agar of this alga was found to be 546 + 25 g cm ~ (1.5% gel)
from Indian waters (Siddhanta et al. 1997). Similarly, a gel
strength of 318 g cm 2 has been reported for this seaweed
(Marinho-Soriano and Bourret 2005).

The commercial exploitation of seaweed biomass essentially
depends on a consistent supply of raw material. Nonetheless,
scanty distribution (only at selected locations along the Indian
coast) and short-lived population hamper the prospects of
utilising this industrially lucrative resource. Pre-feasibility stud-
ies of experimental farming of this alga using various culture
methods such as raft, net, net pouch and tube net were success-
ful along with both Gujarat and Tamil Nadu coast (Mantri et al.
2009, 2020; Veeragurunathan et al. 2015a, b). Further, a viable
protocol for rapid production of elite seedlings through clonal
propagation has been demonstrated (Saminathan et al. 2015).

The sexual life cycle in Gracilaria is characterised by alter-
nation between haploid as well as diploid life phases (Kain and
Destombe 1995). Typical triphasic life cycle consists of morpho-
logically isomorphic gametophytic (separate male and female
individuals), tetrasporophytic and carposporophytic generation.
These life cycle stages have been found to have niche
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partitioning and clear ecological differentiation (Guillemin
et al. 2013; Vieira et al. 2018a). The variation in functional traits
related to survival and growth provides ample opportunity to
select appropriate cultivar in clonally propagated seaweeds
(Santelices 1992). The tetrasporophytes of Gracilaria verrucosa
(now Gracilariopsis longissima) which are diploid in nature
have been found to perform well with attributes such as tolerance
to climatic variation, survival and growth (Destombe et al.
1993). Zhang and Meer (1988) reported that female plants grow
faster in Gracilariopsis lemaneiformis. The gel strength of dif-
ferent life cycle stages of Gracilaria has shown a differential
pattern (Whyte et al. 1981). The fecundity in Agarophyton
chilense (formerly Gracilaria chilensis) was found to be highest
for the male gametophytes and lowest for female gametophytes,
with the diploid stages displaying intermediate values. Further,
spore release and survival were also likened to life cycle (Vieira
et al. 2018b). The agar yield of haploid female gametophyte is
lower when compared to diploid tetrasporophytes in Gracilaria
bursapastoris (Marinho-Soriano et al. 1999). Better adaptive
abilities of tetrasporophytes of Gracilaria caudata (now
Crassiphycus caudatus) have been reported based on the phys-
iological difference (Faria et al. 2017). Industrial feasibility of life
cycle-based resource management via germplasm selection,
breeding and crop improvement is possible but such studies
are seldom attempted under farming conditions.

The pilot investigation in G. dura carried out in our labo-
ratory confirmed the potential of selecting superior germplasm
using life cycle stages. The high quality of agarose was report-
ed from tetrasporophytes, while endogenous abscisic acid
(ABA) content was significantly higher for haploid gameto-
phytes (female more than male) than diploid tetrasporophytes
(Gupta et al. 2011). It may be also noted that functional trait
related to growth was distinct in tetrasporophyte, while those
of survival (antioxidant, proximate composition and pig-
ments) were prominent in cystocarpic female gametophyte
(Sambhwani et al. 2020). In view of the initiation of commer-
cial farming of this species in India (Supplementary resource 1
and 2), further study towards cultivar development assumes
immediate importance for domestic trade. Specific trait as-
sessment in G. dura under farming conditions remains
unattempted due to a lack of expertise for precise identifica-
tion of the life cycle stage in field samples before maturity.
The aim of the present investigation was thus (a) provide
identification features of different life cycle stages; (b) ascer-
tain through small-scale field trails, if these stages record dif-
ferent growth; (c) characterise yield and quality of agarose of
cultivated biomass; (d) confirm molecular (start codon
targeted) and bio-chemical (nuclear magnetic resonance) dif-
ferences in life cycle stages. We only attempted to establish a
“proof of concept” to validate the above objectives. It may
further be noted that genetic diversity of the population, geno-
type variation within stages and etc. were not included and
thus are out-of-scope of the present study.
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Materials and methods
Sample collection

Gracilaria dura was collected from its natural habitat in April
2017 during the lowest tide of chart datum at Veraval coast (N
20° 54'; E 70° 20"), Gujarat, India. Different life history stages
were collected and identified in the field. It is not possible for
everyone to identify them just based on external morpholog-
ical features, but the first author has developed this expertise
and skill during his over 10 years of field experience of work-
ing with this seaweed. The phases were identified using a
magnifying glass based on morphology and branching pattern
(in case of male gametophyte), external reproductive structure
(in case of cystocarpic female gametophyte), rough texture
and frond length (in case of tetrasporophyte). The fronds of
a particular life history stage were collected from a single
population. The collection was divided into two parts. The
larger proportion was placed into a cool pack under dark con-
ditions and then transported for conducting farming experi-
ments to CSMCRI field cultivation farm located at Simar (N
20.75; E 71.13), Gujarat, India. The second part was brought
to the laboratory for documenting photographic evidence to
record identification characters. Further, the samples were
processed for developing biochemical and molecular markers.

Field cultivation

The attempt was made to ascertain if life cycle stages record
different growth. The monoline method of farming was
adopted for this study from April to May 2017.
Polypropylene ropes (3 mm thick) were used for tying seed-
lings. A total of nine lines (5 m each) were seeded and planted.
Each line contained fronds of only one life cycle stage and
three lines were maintained for each stage, namely, male,
cystocarpic female and tetrasporophyte (n = 3). Twenty
healthy fragments of ca. 5 cm length were tied using a nylon
thread at equidistance onto each rope. The total initial seed-
lings of ca. 250 g fresh weight (FW) were maintained on every
rope. The cultivation lines were anchored to the seafloor at
about 5 m depths, placed slightly below the water surface
(approximately 20 cm), parallel to the coast, and facing wave
direction in the open sea. The ropes were cleaned at regular
intervals (once in 3 days) to remove adhering silt and other
epiphytic seaweeds. The cultivation was carried out for only
one cycle of 24 days. The final weight of each rope was taken
at the end of the experiment. The daily growth rate (DGR) %
day ! was calculated using the formula given below.

DGR = 100*In (Wz/Wl)/(lz_tl)

where W, is the final fresh weight in gram, W, is the initial
fresh weight in gram and ¢ is the number of culture days.

It should be noted that, since all life cycle stages were
cultivated in the same location at the same time and for the
same duration, they were thus subjected to similar ambient
field conditions.

Extraction of agarose

The aim was to examine if cultivated samples of life cycle
stages record variation in agarose characteristics. It may
be noted that such examination for individual cultivated
fronds was out of the scope. The field-grown samples for
different life cycle stages were harvested. Three ropes that
were used for identical life cycle stages were harvested
individually and shade dried in the field and brought to
the laboratory. The biomass was then cleaned manually to
remove dirt and sand particles and processed. It was dried
to constant mass in a hot air oven at 60 °C. The agarose
extraction was carried out separately for each life cycle
stage following the method described by Meena et al.
(2007). Each 20 g sample was washed with tap water to
remove excess salt, soaked for 1 h at ambient temperature
and subjected to 10% aqueous NaOH treatment for 2 h at
85 °C. This mass was further repeatedly washed (7-10
times) with running water to remove excess alkali. The
residue left was then autoclaved in water. The hot extract
obtained was homogenised using a pulveriser and vacuum
filtered over a celite bed. The gel was freeze-thawed and
agarose thus obtained was then dried and ground using
mortar and pestle. The yield was calculated on the dry
weight basis of seaweed containing nil moisture. The gel
strength measurements were done using 1.5% w/w aga-
rose gels on a gel tester (Kiya Seisakusho, Ltd., Japan).
The gelling and melting temperatures of agarose gels were
measured as described in our previous work (Meena et al.
2007). Apparent viscosity of agarose solutions was mea-
sured on a Brookfield viscometer (Synchrolectric
Viscometer, USA), using Spindle No. 1 at a speed of
60 rpm (Meena et al. 2007). Sulphate content was deter-
mined as described before (Meena et al. 2007). The ash
content was estimated in the residue that was obtained
after igniting the agarose sample at 550 °C for 4 h.
Infrared spectra of agarose samples were recorded
(Perkin-Elmer Spectrum GX, FT-IR System, USA) by
taking 2 mg of agarose in 600 mg of KBr to prepare the
pellet. Intrinsic viscosities (1) were determined at 32 °C
using an Ostwald viscometer (Prasad et al. 2005). The 3¢
CP-mass spectra were recorded for the extracted agarose
on Bruker-Avance II 500 at 125 MHz. '*C chemical shifts
were referenced to internal standard DMSO (39.4 ppm).
The peaks were assigned to the polymeric structural units
as per convention of Freile-Pelegrin and Murano (2005).
The extraction was performed for three different samples
of each life cycle stage (n = 3).
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Extraction of metabolites and developing nuclear
magnetic resonance-based marker

The metabolites were extracted from male, cystocarpic female
and tetrasporophytic thalli following aqueous extraction proce-
dure as described by Gupta et al. (2013). All identified samples
were first cultured in PES medium under standard laboratory
conditions (25 £ 1 °C under daylight white fluorescent lamps
at 50 pmol photons m 2 s ! irradiance with a 12-h light and 12-h
dark photoperiod) for 3 days for acclimatisation prior to the
metabolic analysis. The acclimatisation was performed to elim-
inate environmental effect on metabolite variation and focus on
phase-specific metabolites. The aqueous extracts were prepared
using 50 mM phosphate buffer at pH 6.0. Prior to start aqueous
extraction, excess medium was removed from seaweed thalli by
blotting them on a tissue paper. The thalli of 200 mg fresh mass
corresponding to all life cycle stages were powdered using liquid
nitrogen. Powdered biomass was mix with 200 mL phosphate
buffer (50 mM) of pH 6.0 followed by vortexing for 1 min and
sonication for 30 min at 55 °C. Aqueous extract was centrifuged
at 10,000 rpm for 2 min followed by re-centrifugation for 2 min
to obtain clear solution. This solution was transferred to 5-mm
nuclear magnetic resonance (NMR) tubes with a few drops of
D,0 containing a reference standard (TSP). Bruker Avance 11
500-MHz spectrometer, equipped with a 5-mm BBI probe, was
used to get "H NMR spectra. Samples were spun at 20 Hz at
room temperature (25 °C) and 72 repeat scans were performed
during each spectrum with 1 s acquisition time and 7000 Hz
spectral width. A 0.3-Hz exponential line broadening value
was used for spectral Fourier transformation. The spectra were
then manually phased, baseline corrected and calibrated to the
internal standard (trimethylsilyl propanoic acid set at 0.0 ppm).
Recycle delay of 1 s with a low-strength RF pulse was adjusted
with signal suppression at 4.8. 'H resonances were compared
with Gupta et al. (2013) data for the identification of metabolites.
The identified metabolites from the spectral data were for relative
intensity variations by normalizing the peak intensity at ~ 3.67
ppm. The assignment of peaks was followed from the previous
reference (Gupta et al. 2013) and only peaks showing significant
differences were marked in the diagram.

Genomic DNA extraction and developing start codon
targeted-based marker

Total genomic DNA was isolated from three different life
cycle stages of G. dura using the CTAB method. A total of
20 start codon targeted (SCoT) primers developed by Collard
and Mackill (2009) were screened during the present investi-
gation. PCR reaction consisted of 2 uL DNA (15-20 ng uL ™),
0.2 uM primer, 1 U of Taq DNA polymerase, 10 mM Tris-
HCL, 0.5 mM KCIl, 0.2 mM dNTPs and 1.5 mM MgCl,. A
biorad thermal cycler was used with programme adjusted as
initial denaturation step of 3 min at 95 °C, denaturation at 95
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°C for 1 min, primer annealing at respective temperature for
1 min and extension at 72 °C for 2 min, with a final extension
at 72 °C for 10 min. A 3% agarose gel stained with ethidium
bromide was used to analyse PCR products and bands were
visualized under UV light (Baghel et al. 2011).

The three indices were employed to estimate and compare the
genetic diversity, namely, (1) heterozygosity (He) = 1—2{;1 p?
where p; represents the frequency of the ith allele of k alleles; (2)
Shannon’s index (H)=—Y*_ p; In p;; and (3) marker index = MI
= PIC x EMR, where PIC is the polymorphic information con-
tent and effective multiplex ratio (EMR) is calculated as total
number of polymorphic loci (per primer) multiplied by the pro-
portion of polymorphic loci per their total number.

Statistical analysis of data

The growth rate and agar characterisation were expressed as
mean + SD (n = 3). The data normality was verified with the
Shapiro-Wilk test, with p > 0.05 confirming the null hypothesis
of normal distribution. A one-way ANOVA was applied for the
factor stage with three treatments (males, cystocarpic females
and tetrasporophytes), and the Tukey post hoc test was applied
for comparison among treatments. This analysis was performed
using the Infostat software (Di Rienzo et al. 2018).

Results

The detailed study of thalli collected from natural population
provided key features to differentiate life cycle stages of
G. dura. Being isomorphic, fronds of male, cystocarpic fe-
male and tetrasporophyte showed similar morphology and
anatomy. Tetrasporophytes ca. 20 cm tall and robust were less
branched than male and cystocarpic female gametophytes.
Tetrasporangia measured 3—-5.5 x 11-12 um, and divided
anticlinally, either decussate or cruciate. Bispore formation
was also observed (Supplementary Fig. 3). The male thalli
were slender and much branched, up to 10 cm in height. The
conceptacles were widely distributed on the surface. The
spermatangia were produced in deep conceptacles (62.5-
90 um deep, 2545 um wide). They further open through
external opening—*“verrucosa” type (Yamamoto 1984).
However, at a few occasions, fusion among neighbouring
conceptacles was also recorded resembling “henriquesiana”
type (Supplementary Fig. 3). The thallus of cystocarpic female
plants was bigger and not much branched, ca. 30-35 cm in
height. The carpogonial branches were typical gracilariacean
two-celled with of short trichogynes. Mature cystocarps had a
single ostiole, 1-1.5 mm in height and slightly constricted at
their base (Supplementary Fig. 3).

Fronds started growing within 7 days, developing branched
thallus under the farming condition that differed among life
cycle stages. The branching level was highest among male,
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followed by tetrasporophyte and cystocarpic female fronds
(Fig. 1). The average daily growth rate (DGR) for male frond
was found to be 6.23 +0.59% day ', significantly higher from
tetrasporophyte (5.10 = 0.14% day ') and cystocarpic female
frond (2.67 + 0.32% day ') (Fo6 = 62.86, p = 0.0001)
(Table 1, Supplementary Table 1).

The agarose yield from cultivated material, calculated from
received dry seaweed containing no moisture, ranged from
25.2 £ 0.36 to 28.6 = 1.53% (Table 1, Supplementary
Table 1). The maximum yield of 28.6 £ 1.53%was obtained
from the tetrasporophytic fronds, and was significantly higher
than the yield obtained from male fronds 0£25.2 +0.36% (£ 6
= 9.36, p = 0.01). The cystocarpic female fronds reported a
27.4 + 0.60% agarose yield. The gel strength of agarose ob-
tained from male fronds was 2384 + 124.13 g cm 2 and was
significantly higher than tetrasporophytic fronds with 1900 +
50 g cm 2 (Fa,6)=15.89, p = 0.004) and those of cystocarpic
female frond was 2122 + 124.03 g cm 2 (Table 1,
Supplementary Table 1). The gelling and melting tempera-
tures of agarose gels of all three phases were averaged around
38 °Cand 91 °C, respectively. The sulphate content of agarose
samples ranged from 0.28 £+ 0.03 to 0.36 + 0.05% obtained

Fig. 1 Life cycle-based farming
in open sea. a Seeded monoline
initial (day 0). b Male plants
harvesting stage (24 days). ¢
Tetrasporophyte plants harvesting
stage (24 days). d Female plants
harvesting stage (24 days)

from male, cystocarpic female and tetrasporophytic fronds,
while ash ranged between 0.94 + 0.11 and 1.01 + 0.09%
(w/w) (Table 1).

FTIR spectra of all agarose samples reported characteristic
IR bands (Fig. 2a-c). The main characteristic absorption bands
of agarose were detected at 3430 cm ™' (stretching band of
hydroxyl group), 1075 cm™" (vibration of C-O-C bridge of
glycosidic linkage) and 932 cm ™' (vibration of C-O-C bridge
of 3,6-anhydroglactose unit). These bands were in good agree-
ment with previously reported spectra (Garcia et al. 2000;
Meena et al. 2007). The spectra thus confirmed that agarose
obtained from male, cystocarpic female and tetrasporophytic
fronds is chemically similar. Solid-NMR spectra revealed that
a total of six chemical shifts appeared in all the three agarose
samples (Fig. 3a-c). The solid-state spectra (CP-MAS) exhib-
ited six peaks at 62.63, 69.98, 75.85, 79.89, 99.19 and
102.54 ppm for agarose from male, at 62.73, 69.88, 75.72,
79.60, 98.58 and 102.32 ppm for tetrasporophytic and at
62.82, 70.15, 75.80, 80.06, 98.39 and 100.62 ppm for
cystocarpic female frond. The viscosity (7)) decreased with
an increase in shear rate (y) in agarose gels obtained from all
the three life cycle stages. The maximum viscosity was
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Table 1

Daily growth rate and properties of agarose extracted from cultivated biomass of male, cystocarpic female and tetrasporophytic thalli

Life cycle state Growth Agarose characterisation

Daily growth rate Yield (%)

Gel strength (g cm™2)  Ash (%)

Sulphate (%) Gelling temp. (°C) Melting temp. (°C)

(% day )
Tetrasporophyte 5.10 +0.14° 28.6+1.53% 1900+50° 1.01£0.09* 036+0.05% 38+1°" 91+2?
Male 6.23 £0.59° 252+036% 2384 +124.13° 094+0.11* 0.28+0.03* 38+2" 91 +2°
Cystocarpic Female 2.67 +0.32* 274 +0.60° 2122 +124.03% 0.96+0.06* 0.30+0.04°* 38+1.73" 90.66 +1.15%

Data shown are the mean + standard deviation; “+” denotes lower and upper limit of mean value; n = 3, n is the number of replicates used

Values in superscript without a common letter are significantly different at p < 0.05

obtained for agarose of male fronds, while tetrasporophytic
fronds reported minimum viscosity (Supplementary Fig. 4).

Figure 4 shows stack of areas of interest of '"H NMR spec-
tra of tetrasporophyte, male and cystocarpic female samples
plotted from top to bottom in different plots to highlight the
differences. Carbohydrate spectra ranged from and above 6
4.0 while the amino acid region ranged from 6 0.8 to § 4.0.
Mainly studied carbohydrate compounds in seaweeds were
galactose (8 4.0 t), sucrose (8 5.4 d), glucose (& 4.2 d) and
sorbitol (8 3.8), whereas amino acid compounds were alanine
(6 1.5 d) and proline (& 2.6 bm). Other compounds were lac-
tate (& 1.33 d), ethanolamine (& 3.37 d) and isethionic acid (&
3.15t). Alanine and lactate were comparably lower in concen-
tration in cystocarpic female fronds than male and
tetrasporophytes (Fig. 4). Further, ethanolamine was
completely absent in tetrasporophytic and male fronds while
cystocarpic female fronds showed a significant amount.
Isethionic acid was significantly low compared with male
and tetrasporophyte frond while there was a negligible differ-
ence in proline (Fig. 4).
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Fig. 2 FTIR spectra of agarose sample of cultivated biomass of different
life history stages. a Male. b Tetrasporophyte. ¢ Female
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A total of 12 SCoT primers were analysed of which two
primers (numbers 8 and 12) generated highly reproducible and
clear polymorphic bands under optimised conditions. They
were further considered for genetic analysis (Table 2). PIC
values for primers studied were 0.11 and 0.25 respectively
with 0.2 as an average value. A total of 48 scorable and re-
peatable DNA fragments were generated from male,
cystocarpic female and tetrasporophytic thalli of G. dura.
The size of these fragments ranged from 300 to 2000 bp
(Table 2; Fig. 5). An average SCoT locus frequency was 8
loci per primers. The estimation of phenotypic diversity as
allele frequency, expected average heterozygosity (He) and
Shannon’s index (H) were 0.66, 0.63 and 1.06 respectively
for three life cycle stages under consideration. Percentage
polymorphism was 25 and 58.33%, while average polymor-
phism was 47.02% and marker index was 4.56. The pairwise
average polymorphic loci per primer among the three types of
thallus were found to be 3 between male and cystocarpic fe-
male, 3.5 between male and tetrasporophyte and 1.5 between
cystocarpic female and tetrasporophyte. The pairwise estima-
tion of phenotypic diversity showed similar diversity indices
(I) as 0.43 between male and cystocarpic females, 0.71 be-
tween male and tetrasporophyte and 0.68 between cystocarpic
female and tetrasporophyte. The average He for male—
tetrasporophyte is 0.51 compared to 0.47 for both cystocarpic
female—tetrasporophyte and 0.41 for male—cystocarpic fe-
male. The generated similarity matrix revealed a maximum
genetic similarity of 0.96% between cystocarpic female and
tetrasporophyte, 0.77% between male and tetrasporophyte and
the lowest of 0.74% for male—tetrasporophyte.

Discussion

Although the occurrence of Gracilaria dura in Indian waters
has been reported (De Toni 1900), until date, detailed mor-
phological and anatomical information is unknown for Indian
specimens. This is the first report containing detailed morpho-
anatomical features of this species, including differences
among life cycle phases. Its comparison with other tropical
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Fig. 3 Solid-NMR spectra of agarose sample of cultivated biomass of different life history stages. a Male. b Tetrasporophyte. ¢ Female

species showed the close morphological similarity to that of  revealed that Mediterranean specimens had smaller diameter
Gracilariopsis irregularis (as Gracilaria irregularis) from  ca. 1.5 mm (Gargiulo et al. 1992). The detailed comparison of
Thailand (Abbot 1988). The comparison of Indian specimen  key morphological and anatomical characters of G. dura with
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Table 2 SCoT marker analysis
for male, cystocarpic female and Code  Sequence

Annealing temp TB PL PPL PIC  Size range

tetrasporophytic thalli O (%) (bp)
8 5'-ACGACATGGCGACC 57 8 2 25 0.1 300-1500
ACGC-3'
12 5'-GCAACAATGGCTAC 50 12 7 58.33 0.25  450-2000
CATC-3'

TB total no. of band, PL polymorphic loci, PPL percentage of polymorphic loci, PIC polymorphic information

content

other tropical Gracilaria species is given in Supplementary
Table 2.

The growth rates recorded during the present investigation
corroborated well with previous cultivation studies of this
species from Indian waters (Veeragurunathan et al. 2015a, b;
Mantri et al. 2020). Although these studies did not mention the
life cycle stage and further the growth rate levels were differ-
ent due to variable environmental conditions, growth reported
in the present communication was within the range reported
earlier. It may be noted that, DGR of 4.67% day ' was report-
ed for the tetrasporophytes of G. dura generated through car-
pospores under field conditions (Mantri et al. 2009). However,
in laboratory culture, cystocarpic fronds reported the highest
relative growth rate of 9.31 +3.49% day ' in this alga (Gupta
et al. 2011). Similarly, fertile female gametophytes recorded
higher growth than fertile tetrasporophytes in Agrophyton

Fig. 5 SCoT marker profiling. M = male, F = female, S =
tetrasporophyte; the arrow indicates polymorphic band location

@ Springer

chilense (as Gracilaria chilensis) (Santelices and Varela
1995). The tetrasporophytes of Gracilariopsis heteroclada
(as Gracilariopsis bailinae) cultured in the sea under different
depth profiles reported a 2.6-9.7% day ' growth rate
(Rabanal and Azanza 1999). Nevertheless, higher growth
13.57 and 19.7% day ' was recorded in tetrasporophytes of
Hydropuntia edulis (as Gracilaria edulis) and Agarophyton
tenuistipitatum (as Gracilaria tenuistipitata) var liui cultured
under laboratory conditions (Yu and Phang 2013). In
A. tenuistipitatum (as G. tenuistipitata), growth rates for
tetrasporophytes were higher than those of female gameto-
phytes in the first few days; nevertheless, in subsequent week
growth, attributes were similar for both the phases under con-
trolled laboratory conditions (Barufi et al. 2010). The higher
growth could be attributed to the controlled optimum culture
conditions to which this seaweed was subjected. The growth
rate for Gracilaria sp. has been reported in the range of 1.8-
8.79% day ' under the influence of varied environmental con-
ditions, namely NH4: 10.37 £ 7.99 mg Lfl, NO;: 4.63 +
1.52 mg L™ and PO4: 0.32 + 0.22 mg L' (Marinho-
Soriano et al. 2002). Barufi et al. (2010) reported the highest
growth of 21.1% day ™' for gametophytes and 24.01% day ™’
for tetrasporophytes of A. tenuistipitatum (as
G. tenuistipitata), but these experiments were conducted in
laboratory. The higher growth in female gametophytes was
recorded when compared to male gametophytes and
tetrasporophytes of Crassiphycus birdiae (as Gracilaria
birdiae) (Ursi and Plastino 2001). The higher growth rate
reported in the male gametophyte in the present investigation
could be attributed to the fact that this gametophytic phase did
not undergo reproductive maturity and as a result, the vegeta-
tive growth was enhanced. The differential growth reported
for various life cycle stages in different species of Gracilaria
might be a matter of genetic diversity. Further, the growth rate
is related to the different nutritional needs of the respective
reproductive stage (Barufi et al. 2010). To the best of our
knowledge, this is the first attempt to cultivate different life
cycle states of G. dura under field conditions in the open sea.
The advent of protocol for selective propagation of apical
fragments with the highest regeneration made it possible to
produce a large number of seedlings for the selective life cycle
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state in the laboratory for out-planting in the sea (Saminathan
et al. 2015).

There are limited studies among agrophytes where hydro-
colloid characterisation was made with respect to life cycle
states. Hoyle (1978) reported no significant difference in yield
and gel strength of agar extracted from Gracilaria
bursapastoris and Gracilaria coronopifolia. But higher yields
with lower gel strength of agar were recorded in cystocarpic
fronds compared to the tetrasporic fronds of Gp. longissima
(as Gracilaria verrucosa) (Kim and Henriquez 1979). Yao
et al. (1984) reported a 3.1% higher agar yield in cystocarpic
fronds than tetrasporic fronds in Gp. longissima (as Gracilaria
verrucosa). Nevertheless, the present study revealed
tetrasporophytic fronds are preferable to obtain significantly
high agarose yield (28.6 = 1.53) compared to male fronds
(25.2 +£ 0.36). A previous study, where naturally collected
fronds of G. dura were used, showed the highest yield
(19%) from tetrasporophyte fronds followed by cystocarpic
fronds (18.5%) and male fronds (12.5%). Similarly, agar yield
of diploid tetrasporophytes has been shown to be higher
(38.3%) than haploid female fronds bearing cystocarps
(37.5%) in G. bursapastoris (Marinho-Soriano et al. 1999).
The results of this study are in good agreement with those
reported in our previous studies (Meena et al. 2007, 2011).
Considerable variation in agar characterisation from three dif-
ferent life cycle stages of Agarophyton chilense (as Gracilaria
sordida) has been reported. The agar yield ranged from 16 to
23% DW basis, while gel strength showed clear differences
between life cycle stages. The highest gel strength of 423 g
cm 2 was recorded for cystocarpic fronds followed by 411 g
cm 2 for tetrasporic fronds and 354 g cm ~ for spermatangial
fronds (Pickering et al. 1990). The viscosity, gelation and
melting temperatures varied among different life cycle states.
A similar trend was also reported in Gp. longissima (as
Gracilaria verrucosa) (Yao et al. 1984). In our previous stud-
ies, we noted that the agarose yield and gel strength were
inversely proportionate, and the same trend was also reported
in the present investigation (Meena et al. 2007, 2011, 2014,
Gupta et al. 2011). The agarose yield reported in our study
was higher than A. plicata where 10.44 £ 0.35-14.48 + 0.37%
yield of agarose was reported (Zhang et al. 2019). Similarly,
gel strength was also higher in the present study, than 853 +
11% in Ge. amansii (Wang et al. 2012) and 1062 £23-1569 +
2% in A. plicata (Zhang et al. 2019). The ash content in the
present study was higher than 0.11 + 0.07-0.80 = 0.09% in
A. plicata (Zhang et al. 2019). The sulphate content was also
found to be higher in our study than 0.28 + 0.02-0.07 =0.02 in
A. plicata (Zhang et al. 2019) and 0.14 = 0.01% in Ge.
amansii (Wang et al. 2012). The gelling temperature was also
higher than 32-36 °C in A. plicata (Zhang et al. 2019) and 34
°C in Ge. amansii (Wang et al. 2012). The melting tempera-
ture was found to be more than 75.8 £ 0.3 °C in Ge. amansii
(Wang et al. 2012) and 86-93 °C in A. plicata (Zhang et al.

2019). The variation among these parameters was due to
source of biomaterial besides the methods that were used for
extraction of agarose.

Sex determination in seaweeds can only be achieved when
thallus enters into maturity. This poses a limitation for
selecting appropriate life cycle-based stage for fundamental
studies including breeding and cultivar improvement.
Although cytological markers are useful to certain extents,
sample fixation and staining are elaborate and time-consum-
ing. Contrary, biochemical and molecular markers are pre-
ferred due to simplified protocol and high reproducibility.
Allozymes, isozymes and hormones are routinely used as bio-
chemical markers in seaweeds, but NMR-based metabolites
are seldom attempted (Sosa and Lindstrom 1999; Gupta et al.
2011). "H NMR spectra deliver a quantitative profile of me-
tabolites related to sugars, proteins and fatty acids, aromatics
in the same spectra (Kim et al. 2011). The specific composi-
tion of metabolites unique to the life cycle phase in this study
suggested the existence of dissimilar pathways. The analysis
of regulatory compounds of cellular function reported a low
amount of the lactate suggested circumvention of fermentative
reaction of lactate and thus alanine production was significant-
ly higher in cystocarpic female thalli. Low alanine and
isethionic acid in cystocarpic female frond and the absence
of ethanolamine in tetrasporophytic and male fronds suggest
that they should be considered potential biomarkers for
distinguishing life cycle phases. We for the first time showed
the existence of metabolic differences in life cycle stages of
Gracilaria through NMR-based functionality and biochemi-
cal analysis. The NMR-based metabolomic investigation has
an advantage over other techniques due to high throughput
and simple sample preparation. Further studies coupled with
transcriptome analysis would be more appropriate to develop
specialised NMR-based markers for rapid fingerprinting
assay.

Similarly, restriction fragment length polymorphism
(RFLP), amplified fragment length polymorphism
(AFLP), random amplified polymorphic DNA (RAPD),
inter simple sequence repeat (ISSR), start codon targeted
(SCoT) polymorphism and sequence characterised ampli-
fied region (SCAR) molecular markers were used in sea-
weed for investigating population structure as well as
breeding. A high productivity of G. coronopifolia strain
was identified using RAPD markers (Windarsih et al.
2019). The same technique was also successfully used for
detecting the increase in genetic heterogeneity of
A. chilense (as G. chilensis) (Meneses and Santelices
1999). Out of 10 RAPD markers used for screening in
G. lemaneiformis, 4 were found related to the phase and
sex (Li et al. 1998). Gupta et al. (2011) reported ISSR
marker profiling in the male cystocarpic and
tetrasporophytic phase of G. dura. ISSR primers I, D and
F were successfully used to differentiate male, female or
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tetrasporophyte. In the present study, however, two
primers (codes 8 and 12) showed potential for using them
as molecular markers for differentiating life cycle phases.
Compared to arbitrary markers, SCoT markers were useful
in genetic diversity analysis, germplasm management and
genetic improvement (Gao et al. 2014). These markers
with the ATG context are technically more correlated to
functional genes and their corresponding traits, thus more
reliable. The present investigation for the first time showed
the usefulness of SCoT markers in differentiating life cycle
phases in seaweeds.

Seed assortment and subsequent improvement are the basic
areas of research in any agriculture crop, including seaweeds.
Crop improvement in Gracilaria has been attempted by two
approaches: breeding and mutagenesis. A cross between two
seemingly different populations of A. tenuistipitatum (as
G. tenuistipitata) was successful, but morphologically identi-
cal fronds having different geographical origins failed to breed
(Zhang and Fei 1990). Nevertheless, mutants both naturally
spontaneous and chemically induced by using ethyl methane
sulfonate (EMS) were obtained, but their use in commercial
farming has never been successful. This could be due to non-
stability of mutated characters. Thus, an alternative strategy is
necessary. A few other investigations were also aimed at
germplasm improvement in Indian agarophytes
(Subbaramaiah et al. 1990; Gupta et al. 2011; Saminathan
et al. 2015; Sambhwani et al. 2020). Nevertheless, the practi-
cability and viability of implementing such methodologies for
farming are yet to be validated. The studies divulged the in-
herent differences existed in growth pattern and agarose char-
acteristics among the different life cycle stages of G. dura.
These trait-specific dissimilarities could be used for establish-
ing elite germplasm that can give impetus to initiate commer-
cial farming. The present study clearly established the “proof
of concept” on the existence of dissimilarities in growth, aga-
rose, biochemical and molecular characteristics in the life cy-
cle stages of this industrially important seaweed. Further, the
tetrasporophyte stage was found to be more competitive in
terms of agarose yield and the male gametophyte in terms of
agarose gel strength as well as growth, important criteria for
raw material selection. These attributes are highly relevant to
expand the prospects of regional agar trade, which still heavily
relies on natural harvest (Mantri et al. 2019). In a quest for
cultivar selection, ca. 120 specimens of different life cycle
stages were collected during 2019-2020, under the Science
and Engineering Research Board (Department of Science and
Technology), Government of India (Jaiswar and Mantri
2019). Pilot-scale year-round farming with the more integra-
tive approach including growth, yield and agarose gel strength
of different life cycle stages shall be performed by a multivar-
iate analysis or by a multiple ranking analysis to examine
seasonality and to select elite cultivar. We believe this would
certainly help to diversify the livelihood of commercial
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growers on one hand and the regional agar industry on the
other.
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