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Abstract

The aim of this study was to define the simplest and least expensive protocol for total protein extraction for three different
macroalgae of the genus Caulerpa (the invasive C. taxifolia and C. cylindracea and the autochthonous C. prolifera). Five multi-
step protein extraction procedures, set up for other macroalgal species, were tested. For each of them, different pre-treatment and
extraction conditions were simultaneously examined, according to a factorial design, considering the starting material, the
solvent-to-biomass ratio, and the incubation temperature. Protein yield in the obtained extracts was estimated with the
Bradford method. Further, polyacrylamide gel electrophoresis (SDS-PAGE) was used to resolve proteins, assessing their quality
and integrity. Significant differences in protein yield were observed among the extraction protocols and the conditions tested, also
in relation to the considered species. Profiles having an acceptable quality were obtained for C. prolifera and C. cylindracea, and
from the obtained results, the best method to obtain high yield and quality protein extracts for the two above-mentioned species
appears to require the use of a primary TCA/acetone extraction buffer followed by a lysis buffer with NaCl, KCI, urea, Triton,
SDS and a protease inhibitor. The best results, in particular, were obtained starting from fresh pulped material with a buffer-to-
biomass ratio of 10:1 and an incubation temperature of 4°C. For C. faxifolia, instead, none of the tested protocols produced
satisfactory results and further studies will be required.
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Introduction

The genus Caulerpa (Chlorophyta: Bryopsidales) is a group
of marine green siphonous algae distributed in tropical and
subtropical regions (Ratana-arporn and Chirapart 2006). It
includes more than 100 species (Zubia et al. 2020) and is
considered as one of the most widespread, conspicuous and
abundant groups of seaweeds worldwide (Silva 2003).

P4 Rodolfo Gentili
rodolfo.gentili@unimib.it

Department of Earth and Environmental Sciences, University of
Milan-Bicocca, Piazza della Scienza 1, [-20126 Milan, Italy

Department of Veterinary Medicine, University of Milan, Via
dell’Universita 6, 1-26900 Lodi, Italy

Department of Science for Nature and Environmental Resources, Via
Piandanna 4, 1-07100 Sassari, Italy

Marine Protected Area Tavolara Punta Coda Cavallo, Via Dante 1,
1-07026 Olbia, Italy

Published online: 10 May 2021

Species belonging to this genus are multinucleate
(coenocytic) and colonial and have a modular organization.
They are all characterized by the lack of cellulose in the cell
walls and present a large phenotypic plasticity and morpho-
logical variability resulting in a number of morphological
forms and variants (Belleza and Liao 2007). In addition to
Caulerpa prolifera (Forsskal) Lamouroux and Caulerpa
ollivieri Dostal, which are both native of the Mediterranean
Sea (Vaquer-Sunyer et al. 2012; Ortegon-Aznar et al. 2015),
six Caulerpa species have been observed in the Mediterranean
Sea since the nineteenth century: Caulerpa mexicana Sonder
ex Kiitzing, Caulerpa scalpelliformis (Brown ex Turner) C.
Agardh, Caulerpa cylindracea Sonder, Caulerpa taxifolia
(Vahl) C. Agardh, and Caulerpa sertularioides (Gmelin)
Howe (Olsen et al. 1998). Most of these species have entered
the Mediterranean since the opening of the Suez Canal in
1869 and they are restricted to the warm waters of the east
and southeastern Mediterranecan (Ukabi et al. 2012).
Nevertheless, in the last few decades, two of these species,
C. cylindracea and C. taxifolia, have significantly expanded
their range of distribution in the basin and now are considered
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highly invasive taxa (Jongma et al. 2013; Montefalcone et al.
2015; Piazzi et al. 2016).

Recent studies have demonstrated the direct and indirect
key role of specific protein factors in determining the inva-
sive ability of algae, by regulating their adaptation to differ-
ent environmental conditions (e.g., Contreras et al. 2008;
Xu and Esko 2014; Xu et al. 2016). Vadlapudi and
Kaladhar (2012) highlighted the high potential of protein
profile analysis in the study of algae for the understanding
of many of the biological/physiological processes that reg-
ulate their spread, especially in the case of invasive species.
The proteome of a species can be defined as the interface
between its genotypic and phenotypic variability.
Therefore, it represents the ideal technological approach
for studying eco-physiological responses and adaptability,
which usually make an alien species a successful invader
(Slattery et al. 2012). Nevertheless, proteome analysis has
been scarcely applied to bio-ecological studies of the marine
environment (Knigge 2015) and especially to macroalgae
study (Contreras-Porcia and Lopez-Cristoffanini 2012).
Indeed, protein extraction from macroalgae appears to be
difficult due to the large amounts of interfering compounds
such as phenols, carbohydrates, terpenes, and pigments
(Wang et al. 2008a, 2008b; Wu et al. 2014; Mohd Rosni
et al. 2015; Cotas et al. 2020) as well as to the significant
presence of cell wall anionic polysaccharides (Kraan 2012).
After cell disruption, these compounds remain in the extrac-
tion medium as hydro-colloidal compounds, increasing ex-
tract viscosity and limiting the quantification of soluble
macromolecules, including proteins (Joubert and
Fleurence 2008). Moreover, protein extraction from sea-
weed is always a challenging task due to the low protein
concentration with the consequent higher chance of co-
extracting inorganic contaminants such as salts, which
may massively deteriorate the resolving power of SDS-
PAGE and interfere with the current proteomic tools (Lim
and Teo 2015). For these reasons, the proteome analysis of
macroalgae is even more challenging if compared to other
organisms.

The aim of this study was to define the simplest and least
expensive protocol for total protein extraction, using low-cost
equipment and consumables, for three different macroalgae of
the genus Caulerpa and to lay the groundwork for subsequent
studies on the protein factors involved in their invasiveness.
The three most abundant Caulerpa species in the
Mediterranean Sea, the invasive C. taxifolia and
C. cylindracea and the autochthonous C. prolifera, were con-
sidered. Five multi-step protein extraction procedures, set up
for other macroalgal species, were tested. For each of them,
different pre-treatment and extraction conditions were simul-
taneously examined, according to a factorial design, consider-
ing the starting material, the solvent-to-biomass ratio, and the
incubation temperature.
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Materials and methods
Experimental design

Five different protein extraction protocols were tested.
Beside the protocol, the experimental design consisted of
4 other factors: in particular, the species (Caulerpa prolifera
vs Caulerpa taxifolia vs Caulerpa cylindracea) and the
starting material were considered in the pre-treatment phase
as well as the solvent-to-biomass ratio and the incubation
temperature during the extraction procedure (Park and Bean
2003; Wang et al. 2006; Guan et al. 2012). Three replicates
for each combination of factors were taken into account in
an orthogonal design (three different extracts for each com-
bination) (N=540) (Sup. 1).

Sample preparation and extraction procedures

Caulerpa prolifera, C. cylindracea, and C. taxifolia samples
were collected along the coasts of NE Sardinia, in the Marine
Protected Area of Tavolara Punta Coda Cavallo during the late
spring 2019 and immediately transported to the laboratory,
maintaining them in seawater. Separate collections were made
for each experimental replicate (n = 3 collections over 2
weeks) as it was not logistically possible to perform all extrac-
tions simultaneously.

The seaweeds were carefully chosen, removing those
suspected of having parasites, and blades for the assays
were separated. Epiphytes, sand, and silt were removed by
washing twice with 3.2 g per 100 mL NaCl (Harnedy and
FitzGerald 2013) and twice with sterile seawater using a soft
brush, followed by a final rinse in distilled water (Wong
et al. 2006). Raw biomass was then pre-treated according
to three different procedures: (1) oven-dried (55 °C for 48 h)
and milled (<1 mm) (DM); (2) ground to a fine powder in
liquid nitrogen using a mortar and pestle (LN); (3) fresh,
pulped, filtered (through Whatman filter paper 1; Safdar
et al. 2017), and ground using a mortar and pestle (FP)
(Wong et al. 2006; Angell et al. 2017). The seaweed pre-
treated materials obtained were then processed following 5
different protein extraction protocols (PEPs) (Fig. 1).
During each protocol, each of the three pre-treated materials
was alternatively incubated at two different temperatures
(4°C and 30°C) (Barbarino and Lourengo 2005; Angell
et al. 2017) with two different volumes (1:10 or 1:5) of the
specific extraction buffer (Rice and Crowden 1987; Angell
etal. 2017) (Fig. 1).

Protocol 1 (PEP;) — modified from Harnedy and FitzGerald
(2013)

This protocol included two subsequent extraction steps.
Initially, 0.5 g of seaweed starting material (LN, FP, DM)
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Fig. 1 Flowchart of the tested protein extraction methods

was suspended in the two considered volumes (1:10 and 1:5
w/v) of de-ionized water and stirred gently on a rotating drum
for 16 h at 4°C or 30°C, alternatively. The proteins in the
aqueous extracts were collected by centrifugation at
11,950xg for 20 min at 4°C. For alkaline-soluble protein ex-
traction, the pellet was resuspended in NaOH (0.12 mol LY
containing 0.5 g per 100 mL of phenylmethanesulfonyl fluo-
ride (PMFS) at a weight:volume of 1:15, stirred for 1.5 h at
30°C, and then centrifuged at 11,950xg for 20 min at room
temperature. Alkaline extractions were performed twice on
each test sample and the two supernatants were combined.
Finally, the water-soluble and alkaline-soluble protein frac-
tions were combined (Fig. 1).

Protocol 2 (PEP,) — modified from Fleurence et al. (1995)

Initially, 10 g of seaweed material obtained according to three
tested pre-treatment procedures (LN, FP, DM) was suspended
into the two tested volumes (1:10 and 1:5 w/v) of a specific
Tris HCI buffer (0.1 M pH 7.5) and stirred on a rotating drum
for 16 h at the two considered temperatures (4 and 30°C). The
sample was then centrifuged at 10,000xg for 20 min at room
temperature. The supernatant and the pellet were recovered,
and the pellet was treated with NaOH (0.1 M) in presence of
[3-mercaptoethanol (0.5% v/v). The obtained mixture was
gently stirred at room temperature for 1 h and then centrifuged
at 10,000xg for 20 min at room temperature. The supernatant
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was collected and combined with the supernatant of the first
centrifugation (Fig. 1).

Protocol 3 (PEP;) — modified by Gao et al. (2016)

Tissues (100 mg) were pre-treated according to the three
above-described procedures (LN, DM, FP) and resuspend-
edina 1:10 and 1:5 volume of prechilled extraction buffer
(10% TCA, 1% polyvinylpyrrolidone, and 2% f3-
mercaptoethanol in acetone). Samples were then stirred
gently on a rotating drum for 30 min at 4 and 30°C alterna-
tively. The obtained solutions were then centrifuged at
16,000xg for 15 min at 4°C, the supernatant was discarded,
and the pellet was rinsed three times with 1 mL prechilled
acetone with 0.07% (3-mercaptoethanol. Between each
rinse, the mixture was incubated at —20°C for 1 h. The pellet
was resuspended in an appropriate volume of lysis buffer (1
mL for 100 mg of initial material) composed by 150 mM
NaCl, 100 mM KCI, 8 M urea, 2% (v/v) Triton, 01% (v/v)
SDS, and 1 tablet protease inhibitor (Roche). A decrease in
the stability of proteins was described for
tetracthylammonium bromide (TEAB) by Banerjee and
Kishore (2008). Therefore, NaCl and KC1 were used instead
of TEAB for their capacity to adjust ionic strength stabiliz-
ing protein structure (Hellerbrand et al. 2001). Samples
were then incubated at room temperature for 60 min.
Finally, a centrifugation at 18,000xg for 1 h at room tem-
perature was performed and a new aliquot of lysis buffer
was added to the obtained pellet (Fig. 1).

Protocol 4 (PEP,;) — Isaacson et al. (2006)

The seaweed material (100 mg) obtained according to three
tested pre-treatment procedures (LN, FP, DM) was alterna-
tively suspended in 1 mL (1:10 w/v) or 0.5 mL (1:5 w/v) of
TCA extraction buffer (TCA/acetone ice cold to 10% (vol/
vol)) with [3-mercaptoethanol to a final concentration of 2%
(v/v) added immediately before use, and incubated on a rotat-
ing drum for 16 h at the two considered temperatures (4 and
30°C). Samples were then centrifuged for 30 min at 5000xg at
4°C and the supernatant was carefully pipetted out and
discarded. Then, 10 mL ice-cold acetone was added to the
pellet and samples were centrifuged for 10 min at 5000xg at
4°C. The supernatant was carefully removed with the pipette
and discarded. The acetone step was repeated three times and
the pellet was finally dried gently in a fume hood in ice (to
prevent protein oxidation), transferred to a 1.5-mL
microcentrifuge tube, and resuspended in an appropriate vol-
ume (125 pL for each mL of initial TCA solution) of a buffer
for protein resuspension (2D buffer: urea 7M; thiourea 2M;
CHAPS 2%) (Fig. 1).
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Protocol 5 (PEP5) — modified by Wong et al. (2006)

The seaweed tissue (100 mg) was treated in accordance with
the three above-described pre-treatment procedures (LN, FP,
DM) with 1 or 0.5 mL of Tri Reagent® (Sigma), in order to
obtain the two considered solvent-to-biomass ratios (1:10 and
1:5 w/v) and mantained at room temperature for 5 min.
Subsequently, 200 uL of chloroform was added to the cell
lysate and the mixture was allowed to stand for 5 min at room
temperature before being centrifuged at 12.000xg for 10 min,
alternatively, at 4 or 30°C. The top pale-yellow layer was then
removed, 300 uL of ethanol was added to resuspend the red-
dish bottom layer, and the obtained mixture was centrifuged at
2000xg for 5 min at 4 °C. The supernatant was transferred to a
new tube and 1.5 mL of isopropanol was added. The mixture
was allowed to stand for at least 10 min for precipitation of
proteins at room temperature and it was then centrifuged at
12.000xg for 10 min at 4°C. The obtained pellet was washed
three times with 2 mL of guanidine hydrochloride 0.3 M in
ethanol 95% for 20 min at room temperature, centrifuging at
7.500%g for 5 min after each. Finally, the pellet was briefly
washed with 100% ethanol (1 mL for each mL of Tri Reagent)
and maintained at room temperature for 5 min. A further cen-
trifugation at 7.500xg for 5 min at 4°C was performed before
removing the supernatant. The pellet was then air-dried for
30 min and resuspended in a buffer appropriate for the down-
stream analytical approach (2D buffer: urea 7M; thiourea 2M;
CHAPS 2%) (Fig. 1).

Additional purification, protein quantification, and
residual phenol estimation

Salt, metabolite, intracellular components, and pigment con-
tamination were removed using the commercially available
clean-up kit from GE Healthcare (India), as suggested by
Karthikaichamy et al. (2017), and resuspended in an appropri-
ate volume (50 uL for 400 uL of extract) of a buffer for
protein resuspension (50 buffer) (2D buffer: urea 7M; thiourea
2M; CHAPS 2%).

The Bradford method was then used for the quantification
of the total protein concentration (Bradford 1976). The spec-
trophotometric absorbance of the unknown sample was deter-
mined by measuring absorbance at 595 nm (NP80
NanoPhotometer, Implen) against a linear calibration curve
prepared using standard solutions of bovine serum albumin
(BSA). Protein concentrations were expressed as micrograms
per microliter.

Finally, the residual amount of phenolic compounds, the
main interfering compounds in plant tissues (Wu et al. 2014),
was estimated with Folin-Ciocalteau’s reagent according to
Chandini et al. (2008) in order to evaluate their interference
on both the yield and the quality (SDS-PAGE) of extracts.
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SDS-PAGE and gel staining

To assess protein quality and integrity, 10 pg of proteins (only
from the sufficiently concentrated extracts) was resuspended
in loading buffer (1:4 v/v of Laemmli Sample Buffer,
Laemmli 1970), boiled, and loaded in the wells of a 14%
polyacrylamide gel and subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The pro-
teins were revealed by Coomassie Blue staining (Ghiani
et al. 2016).

Statistical analysis

The software GMAVS5 (University of Sydney, Australia) was
used for statistical analysis. The ANOVA test was applied
when normality and homogeneity of variance were satisfied.
Furthermore, where the ANOVAs provided significant re-
sults, the Student-Newman-Keuls (SNK) a posteriori test
was performed (Underwood 1997).

The response variable was the concentration of proteins in
the samples of the three species according to the different
protocols and extraction conditions. The following fixed fac-
tors were considered: protocol with 5 levels (P; vs P, vs P3 vs
P4 vs Ps), species with three levels (C. prolifera vs
C. cylindracea vs C. taxifolia), starting material (frozen fresh
tissue in liquid nitrogen vs fresh and pulped tissue vs oven-
dried and milled tissue), solvent-to-biomass ratio (10:1 vs
5:1), and incubation temperature (4°C vs 30°C). The
Student-Newman-Keuls (SNK) tests were used for a
posteriori comparison of means where the ANOVA test pro-
vided significant results (Underwood 1997).

Total phenolic content data were also analyzed with a one-
way ANOVA considering extract as a fixed factor with 6
levels. The Student-Newman-Keuls (SNK) tests were used
for a posteriori comparison of means where the ANOVA test
provided significant results (Underwood 1997).

Results
Protein concentration

Significant differences in protein extraction yield were ob-
served among the extraction protocols and conditions tested,
also in relation to the considered species (Sup. 2). Figure 3
illustrates the mean protein concentration obtained for each of
the three species when applying the five protocols and changing
the initial material, the solvent-to-biomass ratio, and the incu-
bation temperature. In particular, quite low protein concentra-
tions were observed for protocol 1, for which the mean values
did not exceed 0.15 pg uL™" for C. prolifera and C. cylindracea
and 0.27 ug uL™" for C. taxioflia for which higher values were
generally observed (Sup. 2; Fig. 2). The mean protein

concentrations were also quite low for protocol 2. Some differ-
ences were observed only among species independently from
the extraction conditions. In particular, mean concentrations
were quite similar for C. prolifera and C. cylindracea (max.
0.17 ug uL™") while relatively higher values were observed
for C. taxifolia (0.33 pg uL™") (Sup. 2; Fig. 2).

On the other hand, protocols 3 and 4 provided higher pro-
tein concentrations, although some significant differences
among species and extraction conditions were observed.
Concerning the species, protocol 3 generated quite low protein
concentrations for C. taxifolia (max. 0.25 ug pL™") with no
differences among extraction conditions, while it produced
high protein concentrations for both C. prolifera and
C. cylindracea (Sup. 2; Fig. 2). The highest ones were obtained
using liquid nitrogen ground tissues and fresh pulped tissues. In
the case of fresh pulped tissues, the highest concentrations for
both species were obtained with a solution-to-biomass ratio of
10:1 and an incubation temperature of 4°C (1.35 and 1.32 ug
uL ™" respectively for C. prolifera and C. cylindracea). For
C. cylindracea, quite high concentrations were also observed
in the same conditions when the ratio was 5:1 (1.30 pg uL ™)
(Sup. 2; Fig. 2), while significantly lower values were observed
when incubating at 30°C (max 0.56 pg uL™"). Concerning
liquid nitrogen ground samples, lower concentrations were re-
corded for all the extraction conditions, with the lowest ones
for oven-dried and milled samples (DM: max. 0.29 pug pL ™).
While for the former there were no differences among extrac-
tion conditions, for the latter, we observed significant differ-
ences depending on the solvent-to-biomass ratio and on the
incubation temperature. Higher values were obtained with a
ratio of 1:10, especially when the incubation temperature was
4°C (1.06 and 1.03 pug uL™" respectively for C. prolifera and
C. cylindracea) (Sup. 2; Fig. 2).

Protocol 4 produced high protein concentrations only with
C. prolifera, especially when using liquid nitrogen ground
tissues, a solvent-to-biomass ratio of 5:1, and an incubation
temperature of 4°C (1.39 ug uL™") (Sup. 2; Fig. 2). The pro-
tein concentration was significantly lower, even with the same
solvent-to-biomass ratio, when samples were incubated at
30°C (0.54 ug uL™"). Lower protein concentrations were ob-
served in all the other extraction conditions (max. 0.36 ug
uL™). For C. cylindracea and especially for C. taxifolia, sig-
nificantly lower concentrations were obtained with protocol 4;
no differences among extraction conditions were recorded for
both species (max. 0.37 pg L") (Sup. 2; Fig. 2).

Finally, the highest protein concentration for C. taxifolia
(~1.17 ug uL™") was obtained with protocol 5, both using
fresh pulped tissues or liquid nitrogen ground tissues, but only
with a 10:1 buffer ratio and an incubation temperature of 4°C
(Sup. 2; Fig. 2). In the other experimental conditions, protein
concentration was lower, reaching the lowest values with
oven-dried and milled starting material (max 0.32 ug uL ")
(Sup. 2; Fig. 2).
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Protein profiles

Most of the SDS-PAGE profiles of the tested protein extracts
appeared to be qualitatively very low. In Fig. 4, the only pro-
files having an acceptable quality are presented for the three
species. They were all obtained from the extracts with the
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highest protein yields ( >1.30 ug uL™" for C. prolifera and
C. cylindracea and >1.00 pug uL™' for C. taxifolia), specifi-
cally by:

—  Protocols 3 and 4 for C. prolifera (fresh pulped material
and tissues grinded in liquid nitrogen using a 10:1 and 5:1
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Fig. 3 Highest quality SDS-PAGE gels of proteins for the three species.
C. prolifera (A and B), C. ¢cylindracea (C and D), C. taxifolia (E and F).
For C. prolifera: lane A: protocol 3 — fresh pulped material with a buffer-
to-biomass ratio of 10:1 incubated at 4°C; lane B: protocol 4 — fresh
tissues grinded in liquid nitrogen with a buffer-to-biomass ratio of 5:1
incubated at 4°C. For C. cylindracea: lane C: protocol 3 — fresh pulped

buffer-to-biomass ratios, incubated at 4°C) (Fig. 3 lanes
A and B).

—  Protocol 3 for C. cylindracea (10:1 and 5:1 buffer-to-
biomass ratios, starting from fresh pulped material, incu-
bated at 4°C) (Fig. 3 lanes C and D).

—  Protocol 5 for C. taxifolia extracts (fresh pulped material
and liquid nitrogen ground tissues, using a buffer-to-
biomass ratio of 10:1, incubated at 4°C) (Fig. 3 lanes E
and F).

The profiles revealed significant qualitative differences also
among the above-mentioned extracts. Indeed, only two lanes
showed patterns containing approximately 20-25 clearly resolved
discrete bands with molecular weights from 6.5 to 116 kDa (Fig. 3
lanes A and C). These corresponded to C. prolifera and
C. cylindracea extracts obtained with protocol 3 from fresh pulped
material, with a buffer-to-biomass ratio of 10:1 and incubated at
4°C. Comparable band patterns were observed in terms of MW
and abundance, although with some slight differences around 10—
14 and 17-22 kDa. The lowest number of bands (<10) was ob-
tained for C. taxifolia (Fig. 3 lanes E and F). The profile was also
poorly resolved, especially when the starting material was treated
with liquid nitrogen (lane F).

Analyzing the total phenol content in the considered ex-
tracts, a correspondence with the quality of SDS-PAGE profiles
was highlighted. Indeed, in all the extracts having low yields
(for which the profiles were not reported), the residual amount

material with buffer-to-biomass ratio of 10:1 incubated at 4°C; lane D:
protocol 3 — fresh pulped material with buffer-to-biomass ratio of 10:1
incubated at 4°C. For C. taxifolia: lane E: protocol 5 — fresh pulped
material with buffer-to-biomass ratio of 10:1 incubated at 4°C; lane F:
protocol 5 — fresh tissues grinded in liquid nitrogen with buffer-to-
biomass ratio of 5:1 incubated at 4°C

of phenols was significantly high (> 50 mg PGE g ' dry
weight). Lower amounts were instead observed in the extracts
with the highest yields (for which the profiles are presented in
Fig. 3). Anyway, also considering only the extract with highest
protein yields, TPC showed a large variability (ANOVA:
F,1,=4198.02; P<0.01), ranging from 5.43 to 29.54 mg PGE
g ! dry weight. Overall, the lowest TPC for both C. prolifera
and C. cylindracea (SNKsg: 01663y = C<B<A<D<E=F) was
observed with protocol 3 (bar A, CP: 7.48 PGE g ' dry weight
and bar C, CC: 5.43 PGE g ' dry weight) using fresh pulped
material in 10:1 ratio. The highest TPC for C. cylindracea was
observed with protocol 3 (bar D, 15.12 PGE g ' dry weight),
once again with fresh pulped material but with a solvent-to-
biomass ratio of 5:1. The highest TPC for C. prolifera and for
C. cylindracea were measured with protocol 4 (bar B, 9.29
PGE g ' dry weight; bar D: 14.95 PGE g ' dry weight, respec-
tively) starting from tissues frozen in liquid nitrogen at a 5:1
ratio. Finally, the highest TPC for C. taxifolia (bars E and F, ~
29.00 PGE g ' dry weight) was observed with protocol 5, both
starting from fresh pulped material or liquid nitrogen ground
tissues at a 10:1 ratio.

Discussion
In recent years, the great effort to optimize the proteome anal-

ysis provided standard protein extraction protocols for a wide
diversity of organisms (Unlii et al. 1997; Gygi et al. 2000;
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Fig. 4 Final suggested extraction protocol for C. prolifera and C. cylindracea

Jacobs et al. 2001; Beranova-Giorgianni 2003; Yan et al.
2006). However, for most marine algae, available protein ex-
traction methods still appear to be incapable of producing
high-quality extracts (Barbarino and Lourenco 2005). This
study provides a simple and efficient protein extraction proto-
col for the three seaweeds of the genus Caulerpa most spread

@ Springer

in the Mediterranean Sea: C. prolifera, C. taxifolia, and
C. eylindracea.

In our study protein concentration and quality varied great-
ly depending on the extraction protocol and conditions, and
relevant qualitative and quantitative differences were ob-
served for the three species. Moreover, the obtained results
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appeared to be in discordance with those of the only other
study available in literature on protein extraction methods
for two species of the Caulerpa genus, in which an extraction
protocol based on a TRIS HCI buffer was used (Mohd Rosni
et al. 2015).

Some of the tested protocols provided quite poor extracts
for all the species, with a mean concentration lower than
0.20 pg pL™'; moreover, none of the applied modifications
to these protocols significantly improved the protein yield.
The lowest protein concentrations were obtained with proto-
cols 1 and 2, for which an aqueous two-phase system proce-
dure was required, suggesting that this approach is not suitable
for the considered species. These results are in accordance
with Fleurence et al. (1995) and highlight that, even if alkaline
extraction certainly acts by reducing the interactions between
polysaccharides and proteins and aids disruption of the cell
wall (Zhang et al. 2015), a denaturation effect of basic media
on the tertiary structure of proteins anyway occurs. Harnedy
and FitzGerald (2013) stated that the quantity of proteins in-
terested by interactions with polysaccharides in naturally
coexisting systems can significantly vary depending on the
species of macroalgae. For species characterized by low inter-
actions between the two compounds, the negative denaturing
and membrane-damaging effect of NaOH can indeed exceed
the positive one provided by the limitation of the interactive
effect, as already observed for other organisms by Guo and
Lee (2014). Likely this is what happens for the three tested
Caulerpa species containing quite high phenol amounts
(Matanjun et al. 2008).

The results obtained with the other three protocols were
quite different and strictly related both to the species and to
the tested extraction conditions. Protocols 3 and 4 produced
good concentration and quality extracts for C. prolifera and
C. cylindracea while a significantly lower protein yield was
obtained for C. taxifolia, for which protocol 5 appeared to be
more suitable. As both protocols 3 and 4 require the use of a
primary TCA/acetone extraction buffer, these results suggest
that TCA represents an efficient buffer for protein extraction
for at least two of the tested species. TCA precipitates protein
by sequestering the protein-bound water and the acidic prop-
erty of TCA is important for the conformational change that
triggers protein precipitation (Rajalingam et al. 2009).
Moreover, TCA can inhibit protease activity, which could
remarkably improve protein yield (Gao et al. 2015) and usu-
ally offers high-quality extracts also in terms of protein profile
resolution (Garcia-Otero et al. 2013). In particular, a solution
of 10% TCA in cold acetone, as the one used in protocols 3
and 4, is considered to be one of the conventional removal of
non-protein contaminants that, directly washing contaminants
out of tissue powder, produces the highest quality extracts for
a lot of different species (Wang et al. 2003).

Anyway, some interesting differences were highlighted in
both protein concentration and profiles between the two

protocols. While for C. prolifera both protocols provided high
protein yields, at least in terms of concentration, for
C. cylindracea, only protocol 3 appeared to produce rich pro-
tein extracts. The main differences appear to be the additives
used in the TCA solution and the washing procedure in acetone.
Specifically, protocol 3 involves the addition of polyvinylpyr-
rolidone (PVP) to the TCA solution. PVP is a quite commonly
used additive for plant extracts, as it efficiently binds phenols
and prevents deactivation of enzymes (Loomis et al. 1979).
Thus, the PVP addition may significantly reduce the phenolic
interference during extraction (Contreras et al. 2008), partially
explaining the success of protocol 3 for Caulerpa species with
high polyphenols (Matanjun et al. 2008). The addition of (3-
mercaptoethanol to acetone during post-extraction washes may
also have contributed to the protocol success. Xu et al. (2008)
demonstrated that secondary washes with acetone containing
[3-mercaptoethanol facilitate the removal of pigments and lipids
improving protein yield. Finally, the higher yields observed for
C. prolifera and C. cylindracea with protocol 3 can be ex-
plained also considering that a specific lysis buffer was used
after extraction instead that a standard 2D buffer, as in protocol
4. According to Wang et al. (2008a, 2008b), total protein re-
solubilization can be problematic after TCA precipitation, and
re-suspending samples in suitable post-extraction buffers can
help. Accordingly, Gromov et al. (2008) demonstrated the effi-
cacy of a wide range of buffers in obtaining good yields. Peach
etal. (2015) also observed that using an appropriate lysis buffer,
especially containing urea or thiourea compounds, can favor
protein solubilization. The lysis buffer composition of protocol
3 was modified as recommended by these authors (Peach et al.
2015).

Protocol 3 appeared to be more efficient also in terms of
protein quality, since it led to a satisfactory resolution of pro-
tein bands by SDS-PAGE. For C. prolifera, also an extract
obtained with protocol 4 was analyzed by SDS-PAGE due to
its high protein concentration (>1.30 ug pL ™). Nevertheless,
in this case, significant smearing and background were ob-
served, suggesting that the protein content may have been
overestimated due to the presence of some impurities which
were removed by organic solvent washes in protocol 3 (Gao
et al. 2015).

For C. taxifolia, protocol 5 (that appeared not suitable for
the other two species) provided better results than the other
protocols, at least in terms of protein concentration. However,
SDS-PAGE profiles were not satisfactory. In this case, in ad-
dition to polyphenols and according to Wang et al. (2003), we
suppose that the terpene content (very high in May, when the
samples of this species were collected) may have been the
main cause of interference during protein extraction
(C. taxifolia 9.00% of dry weight vs 0.50% for
C. cylindracea and 0.30% for C. prolifera; Box et al. 2010).

Finally, in the case of the best performing protocols,
some interesting differences in yield were also observed in
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function of the tested extraction conditions. Concerning the
starting material, frozen tissue chilled and grinded in liquid
nitrogen provided the best results with protocol 4, whereas
by applying protocol 3 the fresh pulped material was the
starting material providing higher yields, and a better
SDS-PAGE band resolution. The use of such material has
been extensively reported in literature for leaves and soft
green plant tissues (e.g., Pirie 1942; Bryant and Fowden
1959). According to Angell et al. (2017), terrestrial leaves
and green seaweeds blades, being physiologically and bio-
chemically similar, can be treated with similar protein ex-
traction methods (Bals and Dale 2011; Chiesa and
Gnansounou 2011). All plant cells consist of outermost
walls which are made of a complex assembly of polysac-
charides (including large anionic pectins) and other com-
pounds and are difficult to disrupt (Lerouxel et al. 2006).
Certainly, the most common plant tissue disruption step is
pulverizing materials in a mortar and pestle with liquid ni-
trogen as this practice minimizes protein degradation
(Wang et al. 2008a, 2008b). However, maceration of fresh
tissues produces an easily separated, protein-rich liquor
(Festenstein 1972), favoring elevated protein yields from
terrestrial species with more coriaceous (olive) tissues than
those of Caulerpa species (Yateem et al. 2014). Similarities
between terrestrial leaves and seaweed blades can also ex-
plain the low protein concentrations obtained when using
dried milled tissues for all the texted protocols (Bals and
Dale 2011; Chiesa and Gnansounou 2011).

As opposite to other marine algae, for which a higher in-
cubation temperature appeared to be beneficial for protein
extraction (Slocombe et al. 2013), a higher protein yield was
observed for Caulerpa species when extracts were obtained at
4°C. Denaturation may explain the significant protein yield
differences observed between samples incubated at 4°C and
30°C (Faurobert et al. 2007). Finally, the solvent-to-biomass
ratio also influenced protein extraction efficiency, as already
observed by Shen et al. (2008). In particular, a 10:1 ratio
appeared to be the most suitable, especially in terms of protein
quality. Even if a higher solvent volume would mean a lower
protein concentration in the solvent (Shen et al. 2008), the best
ratio is strictly dependent from the considered algae, presum-
ably in relation to the specific variations in total protein con-
tent (Fowden 1954).

In conclusion, the best method to obtain high yield and
quality protein extracts for C. prolifera and C. cylindracea
appears to be a modified version of protocol 3, starting from
fresh pulped material with a buffer-to-biomass ratio of 10:1
and an incubation temperature of 4°C (Fig. 4), as observed
also by Karthikaichamy et al. (2017) with a similar protocol
for another species (Microchloropsis gaditana (L.M.Lubien)
M.W.Fawley, [.Jameson & K.P.Fawley). The results appeared
to be superior in terms of protein abundance, pattern complex-
ity, and molecular weight range. For C. taxifolia, none of the
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tested protocols produced satisfactory results and further stud-
ies will be required.
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