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Abstract The rhodophyte Gracilaria lemaneiformis is an im-
portant macroalga of great economic value, and is cultured on
the southeastern coast of China. In this study, two G.
lemaneiformis strains, 981 and 07-2, were cultured at three
temperatures (25, 30 and 35 °C) for 48 h. Analysis of the
physiological parameters of the two strains under the heat
treatments showed that the specific growth rates (SRGs) and
photochemical efficiencies (F,/F,,) were decreased in both
strains with increasing temperatures. The decrease in the F,/
F,, in strain 07-2 was less than that in strain 981. However, the
phycobiliprotein (PB) and soluble protein (SP) concentrations
in strain 981 were decreased at 35 °C throughout the experi-
ment. The PB and SP concentrations in strain 07-2 exhibited
initial decreases and then recovered under the heat treatments
(25, 30 and 35 °C). These findings suggest that the heat toler-
ance of strain 07-2, but not that of strain 981, is probably
promoted by heat stress. Furthermore, proteomics analysis of
the two strains at 35 °C was conducted using 2-DE. Thirteen
proteins were identified and classified into eight categories,
including photosynthesis, energy metabolism, protein-folding
catalysis, transcription, molecular chaperoning, and unknown
function. The western blotting results demonstrated that cyto-
solic HSP70 expression was increased at 35 °C in strain 07-2
and was stable in strain 981. These results indicate that this
cytosolic heat shock protein plays an important role in ame-
liorating damage caused by heat stress and that strain 07-2 is
more heat-resistant than strain 981.
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Introduction

Gracilaria lemaneiformis (Bory de Saint-Vincent) Greville,
which can produce high-quality agar, is an important cultivar
in China (Zhou et al. 2006). It is widely distributed from the
eastern to the southern coasts of China, but it only grows well
at seawater temperatures between 12 and 21 °C. The cultivar
will decompose when the water temperature exceeds 23 °C
(Gu et al. 2012). The production of G. lemaneiformis is lim-
ited by high temperatures during the summer, especially in the
south China coast. Thus, strain 981 was been bred from the
wild-type strain, and this strain can tolerate high water tem-
peratures exceeding 25 °C and grow quickly, allowing for an
increase in the cultivation scale on the south coast (Yu and
Yang 2008). Strain 07-2 was subsequently bred from strain
981, and it can grow faster and produce higher yields than
strain 981. It can also tolerate high temperatures (Meng et al.
2009). Researchers have investigated the response of
G. lemaneiformis to heat shock for years. A comparison of
the antioxidant activities of three G. lemaneiformis strains
(strain 07-2, strain 981 and wild-type) has also been per-
formed at three temperatures (24, 28 and 32 °C) (Lu et al.
2010). The physiological response of two G. lemaneiformis
species were investigated at 23, 27 and 31 °C (Guo et al.
2011). In recent years, molecular techniques have been used
to examine the heat shock mechanism employed by
G. lemaneiformis. Quantitative mRNA analyses of cytoplas-
mic hsp70 and endoplasmic hsp70 of G. lemaneiformis under
heat stress at 28 and 32 °C were also conducted (Gu et al.
2012). However, comparative proteomics analysis of
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G. lemaneiformis in response to high-temperature stress has
not yet been performed.

Two-dimensional electrophoresis (2-DE) is a universal tool
used to examine critical proteins, including those functioning
in metabolic pathways (Zhao et al. 2013). This method is very
useful for separating proteins in mixtures, such as those in-
volved in glycolysis, amino acid biosynthesis and stress re-
sponses, on the basis of the isoelectric point (pI) in the first
dimension and the molecular weight (MW) in the second di-
mension (Brauner et al. 2014). A distinct advantage of 2-DE
technology is that it can be used to detect different forms of
proteins that have been translated from mRNA or have
undergone proteolytic processing (Henzel et al. 1993). In
addition, 2-DE can be used to separate proteins that have
undergone post-translational modification. Proteomics
allows for the direct observation of changes in
G. lemaneiformis protein expression, and is useful for
studying physiological responses at the molecular level.
Therefore, we employed 2-DE in this study to investigate
the proteome of G. lemaneiformis. Analysis of 2-DE spot
patterns can be further performed to identify additional po-
tential shock-response proteins.

In this work, cellular physiology was assessed through
measurements of algal growth, maximum photochemical effi-
ciency, and the concentrations of phycobiliproteins and solu-
ble proteins. Furthermore, to elucidate the mechanism under-
lying the heat-stress response in G. lemaneiformis, two
G. lemaneiformis strains (981 and 07-2) were investigated,
including comparative 2-DE analysis of the two strains under
three heat treatments (25, 30 and 35 °C). The findings of this
study may be used to facilitate the breeding of new heat-
tolerant strains that are able to adapt to higher temperatures,
which is especially important considering that both of the
current strains are unable to survive in the South China Sea
during the summer season.

Materials and methods

The two strains (981 and 07-2) of G. lemaneiformis used in
this study were obtained from Nan’ao Island cultivation field
(116.5°E, 23.3°N), Shantou, Guangdong, China. We domes-
ticated the two strains for 1 week under a constant temperature
in a light incubator under the following conditions: a temper-
ature of 20+1 °C, light intensity of 50 pmol photons m s ",
and photoperiod of 12:12 h LD.

Samples (approx. 3 g wet weight) of the two
G. lemaneiformis strains were cultured continuously in 1 L
filtered natural seawater with a salinity of 30 % and a pH of
8.0. The experiment was conducted at three temperatures: 25,
30, and 35 °C. The heat treatments lasted for 48 h and were
performed with three replicates each. The specific growth
rates (SGRs) were measured at 0 and 48 h. The maximum
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photochemical efficiency of PSII, the phycobiliprotein and
soluble protein concentrations were determined at 0, 4, 8,
12, 24 and 48 h.

Growth rates and morphological observations

After the G. lemaneiformis samples were treated for 48 h at the
three temperatures, changes in seaweed morphology were
evaluated. The specific growth rates of the G. lemaneiformis
strains were calculated according to the following formula:

SGR = |(W,/W,)"'~1| x 100%,

where W, is the fresh weight (g) at time 0, W7, is the weight at
time ¢, and ¢ is the interval (d) between the two measurements.

Maximum effective quantum yield of photosystem II

All the treatments were followed by measurements of chloro-
phyll fluorescence using a pulse amplitude-modulated (PAM)
fluorometer (Imaging-PAM; Walz, Germany). The youngest
growth branches were detached from the same individual and
cut into small segments. Then, the maximum effective quan-
tum yield of photosystem II (PSII) was determined as F,/F,,
where F,=(F,-F,), and F, which was measured after the cul-
tivar after dark adaption for 15 min (Wang et al. 2010). Satu-
rating actinic light pulses were employed to gain maximum
fluorescence F,,, in the dark-adapted cultivar.

Phycobiliprotein

Approximately 0.5 g of algal material was dried using a vac-
uum freeze dryer, ground to a powder with liquid nitrogen and
extracted at 0—4 °C in 50 mM phosphate buffer at pH 5.5. The
homogenates were centrifuged at 2000g for 20 min. The
phycobiliprotein levels [phycoerythrin (PE), phycocyanin
(PC) and allophycocyanin (APC)] were determined by UV—
VIS spectrophotometry using the following equations (Kursar
et al. 1983):

PE(pugmL™") = 155.8A405~40.0A614—10.5A¢5,
PC(ugmL™") = 151.1A614-99.1A¢5,
APC(pgmL™") = 181.3A¢s122.3A¢14

Soluble protein

The supernatant from the above phycobiliprotein extraction
was used to determine the soluble protein concentration using
a Coomassie brilliant blue kit purchased from Jiancheng Bio-
tech (Nanjing, China) according to the manufacturer’s instruc-
tions. A 50-pL aliquot of the supernatant was measured by
UV-VIS spectrophotometry at 595 nm.
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Protein extraction and 2-DE separation

Protein extraction was performed according to an improved
protocol (Lee and Lo 2008). Approximately 1 g fresh weight
of G. lemaneiformis was ground rapidly in liquid nitrogen.
Approximately 3 mL Trizol reagent was added to the algal
powder, and the mixture was sonicated (for a total of 5 min,
with short pulses of 5 s) on ice. Subsequently, 600 pL chlo-
roform was added to the Trizol lysate before shaking vigor-
ously for 15 s. The mixture was allowed to stand for 5 min at
room temperature before being centrifuged at 12,000x g for
15 min at 4 °C. The top colorless layer was removed. Ethanol
(1 mL) was added to resuspend the reddish bottom layer, and
the mixture was centrifuged at 2000% g for 5 min at 4 °C. The
supernatant was transferred to a new tube, and 6 mL
isopropanol was added. The mixture was allowed to stand
for at least 2040 min at 4 °C for precipitation of proteins. It
was then centrifuged at 9000xg for 20 min at 4 °C. The
precipitate was briefly washed three times with 95 % ethanol
and was then allowed to air-dry. Finally, it was stored at
—80 °C for first-dimension IEF.

The protein precipitate was dissolved in a solubilization
buffer containing 7 M urea, 2 M thiourea, 4 % CHAPS,
65 mM DTTand 0.2 % Bio-Lyte. Traces of bromophenol blue
were added and mixed vigorously for 5—10 min. Protein quan-
tification was performed using a Coomassie brilliant blue kit.
Samples were applied by in-gel rehydration. A total o200 puL.
solubilization buffer containing 800 pg protein sample was
incubated with dry IPG strips (pH 4-7; 11 cm; Bio-Rad,
USA) at 20 °C for 14 h. First-dimension separation was con-
ducted at 20 °C with an isoelectric focusing instrument (Bio-
Rad, USA). Voltage was applied according to the following
progression: 3 h at 250 V, 4 h at 1000 V, 5 h at 6000 V and 70,
000 Vh at 6000 V. The gel strip was then equilibrated with
equilibration buffer (50 mM Tris, pH 8.8, 6 M urea, 20 %
glycerol, 2 % SDS and 2 % DTT) for 15 min. Next, the gel
strip was placed in fresh equilibration buffer containing 2.5 %
iodoacetamine (instead of DTT) for another 15 min. The strip
was placed on top of a 12 % SDS-PAGE gel and sealed into
place with 0.5 % agarose. Electrophoresis was carried out at
80 V for 30 min and then at 120 V until the bromophenol blue
dye reached the end of the gel. After electrophoresis, the gel
was stained with Coomassie blue (R250). The stained gels
were scanned, and the images were analyzed using PDQuest
8.0 (Bio-Rad, USA).

Western blotting

Approximately 300 pg of extracted protein was separated
by SDS-PAGE and electrophoretically transferred onto a
PVDF membrane using a dual mini-electroblot system (Pre-
cision Instruments, India) at 1 mA cm 2, as previously de-
scribed. The membranes were reacted with a rabbit

polyclonal anti-rat Hsp70/ heat shock protein 70 cytoplas-
mic antibody (Agrisera, Sweden) for 1 h and washed three
times in TBST wash buffer. After washing, the membranes
were reacted with Goat radish peroxidase-conjugated anti-
rabbit IgG (H+L) (Thermo, USA) for 1 h and washed three
times in TBST wash buffer. Signals were detected using an
enhanced Chemiluminescence Plus Western Blotting Detec-
tion system (Beyotime) according to the manufacturer’s in-
structions. Quantitative densitometric analysis of the immu-
noblot bands was conducted using Quantity One Software
(Bio-Rad).

Data statistics and analysis

Data were analyzed by independent sample ¢ test. Calculation
and statistical analyses were performed with SPSS 13.0 for
windows. A value of p=0.05 was considered statistically sig-
nificant. The relative abundance of each protein spot was es-
timated by the volume percentage of total spot densities in the
gel. The result of each protein spot was analyzed using Stu-
dent’s ¢ test with p=0.05 indicating statistical significance. All
data were calculated with three biological replicates and re-
ported as the means+SD.

Results

SGR and maximum photochemical efficiency
in Gracilaria under heat stress

Gracilaria lemaneiformis was cultured at 25, 30 or 35 °C for
48 h. The algae grew well at 25 °C (Fig. 1a). At 30 °C, the
SGRs of strains 981 (1.92 %) and 07-2 (2.35 %) immediately
decreased to 0.45 % (p>0.05) and 1.36 % (p<0.05) of the
values at 25 °C, respectively. Moreover, these SGRs dropped
to —9.59 % (p<0.01) and —8.55 % (p<0.01), respectively, of
the values at 25 °C at the highest temperature (35 °C). After
treatment at 35 °C for 48 h, the frond of strain 981 withered
and changed from a yellow to a dark red color, and became
fragile (data not shown). These results indicate that high-
temperature stress may be detrimental to algal growth.

The maximum photochemical efficiency (F,/F,, values) of
strain 981 did not significantly differ from that of strain 07-2
or the control at 0 h (»p>0.05) when the strains were cultured at
25 °C and at 30 °C for 48 h. However, when the temperature
was increased to 35 °C, the F,/F,, values of the two algal
strains decreased after 24 h of culture (p<0.05). The F,/F,,
of strain 981 dropped by 29 % (p<0.05), and that of strain 07—
2 slightly decreased by 1 % (p<0.05) under the same condi-
tions (Fig. 1b, c). The results demonstrated that the maximum
photochemical efficiency of strain 07-2 was less affected by
heat stress than that of strain 981.
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Fig. 1 Physiological indecies of two different Gracilaria lemaneiformis
strains, 981 and 07-2, under high temperatures for 48 h: a SGRs of strains
981 and 07-2 at three different temperatures; the lines with solid circles

represent strain 981, and those with solid squares indicate strain 07-2; b
photochemical efficiency (F,/F,) of strain 981 at three different

Phycobiliprotein concentrations

The concentrations of phycobiliproteins, including phycoery-
thrin (PE), phycocyanin (PC) and allophycocyanin (APC),
were analyzed (Fig. 2). The PE concentration in strain 981
showed no significant change during culture for 48 h at two
temperatures (25 and 30 °C) (p>0.05). When the temperature
reached 35 °C, its concentration in strain 981 decreased by
64 % compared with that at 0 h (p<0.01) (Fig. 2a). In contrast,
the PE concentrations in strain 07-2 at the three different
temperatures decreased by 60.4 % during the first 8§ h
(»<0.01) and then increased by 55.2 %, reaching nearly the
same level as that at 0 h (Fig. 2b).

The changes in the PC concentrations in the two strains
were similar to the changes in the PE concentrations
(Fig. 2c, d). Under high-temperature stress at 35 °C, the PC
concentration in strain 981 decreased by 56.9 % over 48 h
(»<0.01), but that in strain 981 was stable for 48 h under heat
stress at two temperatures (25 °C and 30 °C) (p>0.05). How-
ever, the PC concentrations in strain 072 at the three temper-
atures decreased by 70.5 % during the first 8 h (»p<0.01) and
then increased to a similar level as that at 0 h (Fig. 2d).

During the first 8 h at 25 °C, the APC concentration in
strain 981 increased (p<0.01) (Fig. 2e). After that, it de-
creased at the three temperatures to 0.45 mg g ' at 12 h
compared with 0.64 mg g' at 0 h (p<0.01). Then, it
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increased to 0.95 mg g ' at 48 h at two temperatures (25
and 30 °C). Nevertheless, it remained at 0.45 mg g ' from
12 to 48 h at 35 °C. The APC concentration in strain 072
decreased by 90 % during the first 8 h (p<0 .01) and then
quickly increased by 91 %, rising above the level observed
at 0 h (Fig. 2f).

The phycobiliprotein concentrations in strain 07-2 ini-
tially decreased under heat stress but then recovered to their
original levels. However, the phycobiliprotein concentra-
tions in strain 981 decreased and did not recover. These
results indicates that the recovery of phycobiliproteins in
strain 07-2 (but not in strain 981) could have allowed for
maintenance of the light-harvesting capability of strain 07—
2 under these conditions.

Total soluble protein concentration

The soluble protein (SP) concentrations in strains 981 and
07-2 were investigated (Fig. 3). The phycobiliproteins
contents took 15.1 and 21.3 % of soluble proteins, in
strains 981 and 07-2, respectively. During the heat stress
experiment, the SP concentrations in strain 981 at two
temperatures (25 and 30 °C) did not significantly differ
from those in the control at 0 h (p>0.05). However, at
35 °C, the SP concentration in strain 981 decreased by
76.4 % compared with that in the control (»p<0.01). Under
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Fig. 2 The effects of high-temperature stress on the phycobiliprotein
concentrations in two different G. lemaneiformis strains, 981 and 07-2;
the lines with solid circles indicate the 25 °C treatment; those with solid
squares represent the 30 °C treatment; and those with solid triangles
depict the 35 °C treatment; PE, PC and APC represent phycoerythrin,

heat stress at the three different temperatures, the SP con-
centration in strain 07-2 exhibited an initial decrease
(44.6 %) during the first 8 h at 30 °C and then increased
to a maximum value of 68.69 mg g ' at 24 h, which was
higher than the 45.5 mg g ' observed at 0 h (p<0.01)
(Fig. 3b). At 35 °C, the SP concentration in strain 07-2
decreased by 46.8 % compared with that in the control
(Fig. 3b). These results demonstrated that the concentra-
tions of SPs in both strains were influenced by heat stress
but that the SP concentration in strain 07-2 finally de-
creased less than that in strain 981.
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phycocyanin and allophycocyanin, respectively; a, b the PE
concentrations in strains 981 and 07-2, respectively; ¢, d the PC
concentrations in strains 981 and 07-2, respectively; e, f: the APC
concentrations in strains 981 and 07-2, respectively. DWW dry weight.
Bars mean+SD

Proteomics analysis of the two strains under heat stress

Protein expression in strains 981 and 07-2 under 35 °C
heat stress for 8 and 24 h was compared with that in the
control at 0 h (Fig. 4). We found that the distribution of
the protein spots in the 2-DE gels for strain 07-2 was
very similar to the protein spot distribution for strain
981 (Fig. 4). Twenty-five distinct spots were detected by
PDQuest using Student’s ¢ test (p<0.05). However, a big
challenge is that there is little information in databases on
proteins and genes for proteomics research in Gracilaria
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as a non-model organism. In this study, over a half of the
detected spots can be matched to peptides or genes se-
quences from homologous species. Therefore, a total of
14 spots were identified by MALDI-TOF-TOF MS and
by searching the NCBI database (Table 1), which were
marked on six 2-DE gel images (Fig. 4) and classified
into five categories according to the GO database.

Proteins identified that are involved in carbon metabo-
lism included alpha-1,4-glucan, lyase isozyme 1 (spot 1),
phosphoglycerate kinase (spot 14) and triosephosphate
isomerase (spot 16). Proteins with involvement in energy
metabolism included the ATP synthase CF1 beta and al-
pha subunits (spots 9, 10 and 11). One protein involved in
photosynthesis was identified: oxygen evolving enhancer 1
precursor in photosynthetic system II (spot 15). Proteins
related to heat stress resistance included HSP82 (spot 2)
and HSP70 and cytosolic HSP70 (spots 3 and 7). Addi-
tional proteins identified included disulfide isomerase 1,
involved in protein folding (spot 5), elongation factor
Tu, involved in transcription (spot 13), and cyclophilin-
like protein, classified as a molecular function protein
(spot 25). An unknown protein was also detected (spot
26).

Generally, heat shock and cyclophilin-like proteins were
identified by 2-DE as the heat-responsive proteins in the two
strains under 35 °C heat stress (Table 1). Our results showed
that this protein was up-regulated by 1.7-fold at 8 h
(p<0.05) and was up-regulated by 2.3-fold at 24 h
(»<0.05) in strain 981 compared with the control strain
981 at 0 h (Fig. 5a). Cyclophilin-like protein is a type of
stress-responsive protein. Cyclophilin-like protein was up-
regulated by 2.9-fold in strain 07-2 at 24 h (p<0.05) com-
pared with the control at 0 h (Fig. 5b), but there was no
significant difference in its expression at 8 h (p>0.05). Un-
der 35 °C heat stress, cyclophilin expression in strain 981
increased at both 8 and 24 h, but it was only up-regulated at
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24 h in strain 07-2. These results indicated that the
cyclophilin protein was expressed in response to heat stress
in strains 981 and 07-2.

Heat shock proteins (HSP82, HSP70 and cytosolic
HSP70) show different responses to heat stress and are clas-
sified into two families: HSP90 and HSP70. HSP70 was
evaluated by MALDI-TOF-TOF MS and a BLAST search
to identify homologous sequences in the NCBI database.
Part of the HSP70 protein sequence was found to have
homology to chloroplast HSP70, but it lacked a
chloroplast-targeting signal peptide sequence; therefore, its
homology should be further investigated. The differences in
the relative abundances of two heat shock proteins (HSP82
and cytosolic HSP70) in response to heat stress were also
assessed in the two algal strains (Fig. 5a, b). The relative
abundance of HSP82 in strain 981 increased by 2.9-fold at
24 h (p=0.05), but it did not increase in abundance in strain
07-2 (Fig. 5a). The relative abundance of cytosolic HSP70
did not significantly change in strain 981 (p>0.05), but it
was up-regulated by 1.6-fold at 8 h in strain 07-2 (p=0.01)
and even increased by 2.5-fold at 24 h (p=0.05) compared
with the control at 0 h (Fig. 5b). Western blotting (WB)
verification of the relative abundances of cytosolic Hsp70
in the two strains under high-temperature stress indicated
that this protein was induced by heat stress (Fig. 6a—c). At
8, 12 and 24 h, the relative abundance of cytosolic HSP70
in strain 981 increased by 1.70-fold, 1.86-fold and 1.76-
fold, respectively, compared with the control at 0 h (p
<0.01). The relative abundance of this protein in strain
07-2 at 8, 12 and 24 h changed by 1.66-fold, 1.69-fold
and 2.34-fold, respectively, compared with the control at
0 h (p<0.01), in accordance with the expression pattern
observed on 2-DE. These results showed that the expression
of this protein in strain 07-2 was higher than that in strain
981, indicating that it played an important role in resistance
to heat stress in strain 07-2.
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Fig. 4 Time-course results of 2-DE gels for two G. lemaneiformis
strains, 981 and 07-2, exposed to 35 °C heat stress; a strain 981 at 0 h;
b strain 981 at 8 h; ¢ strain 981 at 24 h; d strain 07-2 at 0 h; e strain 07—
2 at 8 h; and f strain 07-2 at 24 h. All the gels were run in duplicate.
Protein extracts (800 pg) were applied to linear pH 4-7 IPG strips, with

Discussion

Physiological and biochemical responses
of G. lemaneiformis to heat stress

In this study, two G. lemaneiformis strains were exposed to
high temperatures (25, 30 and 35 °C). Severe heat stress can
lead to destruction of the algal frond and even algal death, and
we found that the two G. lemaneiformis strains exhibited dif-
ferent responses to heat stress. These differences were detect-
ed through a survey of physiological photosynthesis in the
cultivars. The F,/F,, in macro-algae is influenced by environ-
mental conditions (Enriquez and Borowitzka 2010).

12 % linear vertical SDS-PAGE as the second dimension. The arrows
with numbers on the 2-DE gel images indicate the proteins identified by
MALDI-TOF and LC-MS. The molecular mass marker (M) and p/ are
displayed on the left hand sides and above the gels, respectively

Activation of electron transfer depends on light harvesting
by phycobiliprotein complexes, then the light energy conver-
sion into chemical energy for carbon fixation later. Therefore,
F,/F,, reflects the electron transfer efficiency of the reaction
center of PSII. Wang et al. (2010) and Xie et al. (2010) dem-
onstrated that the young and new branches had the lowest F,/
F,, due to having the lowest levels of photosynthetic activity.
Therefore, the electron transfer system of G. lemaneiformis is
important for the survival of this alga at high temperatures.
Zhang et al. (2012) have demonstrated that the F,/F,, of the
red macroalga Pyropis (Porphyra) yezoensis is significantly
decreased under high-temperature stress. In our study, the
temperature was increased up to the higher limit (35 °C),
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Table1 Identification of different expression protein spots of Gracilaria lemaneiformis strains 981 and 07-2 under heat stress by MALDI-TOF-TOF
MS

Spot Protein name Score Calculated Mr(D)/P1 Source

1 Alpha-1,4-glucan lyase isozyme 1 422 123115/4.8 Gracilariopsis lemaneiformis

2 Heat shock protein 82 320 79597/5.0 Guillardia theta

3 Heat shock protein 70 218 68267/4.9 Gracilaria tenuistipitata var. liui

5 Protein disulfide isomerase 1 61 26052/4.8 Griffithsia japonica

7 Heat shock protein 70, cytosolic 202 71440/5.0 Ostreococcus lucimarinus CCE9901
9 ATP synthase CF1 beta subunit 220 51346/5.1 Gracilaria tenuistipitata var. liui

10 ATP synthase CF1 beta subunit 624 51346/5.1 Gracilaria tenuistipitata var. liui

11 ATP synthase CF1 alpha subunit 335 54504/4.8 Gracilaria tenuistipitata var. liui

13 Elongation factor Tu 181 44801/5.0 Gracilaria tenuistipitata var. liui

14 Phosphoglycerate kinase 168 44036/9.0 Opitutus terrae PB90-1

16 Triosephosphate isomerase 210 26909/4.9 Salmo salar

15 Oxygen evolving enhancer 1 precursor 163 32567/5.3 Isochrysis galbana

25 Cyclophilin-like protein 73 18118/7.7 Bombyx mori

26 SSH cDNA library 481 19188/6.2 Camellia sinensis

which results in a decrease in F,/F,, in strain 981. However,
the F,/F,, of strain 07-2 decreased much more slowly than
that of strain 981 under 35 °C heat stress, indicating that the
light harvesting and electron transfer processes of the reaction
center in PSII in strain 07-2 were more heat-resistant than in
strain 981.

The light energy was first transferred in the photosystem II
by PE to PC, then to APC, and finally to chlorophyll a. In this
research, the phycobiliprotein concentrations in strain 07-2
decreased earlier and increased later at three high tempera-
tures, indicating that the light-harvesting complexes had an
early depression and the electron transfers from PE to APC
were reversibly depressed under heat stress. Previous studies
have shown that electron transfer from PE to PC is inhibited
by heat stress in Grateloupia turuturu exposed to a tempera-
ture of 40 °C for 12 h, because the light-harvesting complexes
can be inactivated by heat shock (Havaux 1993; Srivastava
etal. 1997; Wu et al. 2002). However, Haque has claimed that
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Fig. 5 The differential expression (fold change >1.5 or<—1.5) of heat-
responsive proteins (HRPs) in two strains compared with the respective
control at 0 h under 35 °C heat stress, as determined by 2-DE. Asterisk
indicates statistical significance; a the differential expression in terms of
relative abundance of two heat shock proteins and cyclophilin-like
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the activities of the light-harvesting proteins in PSII and
oxygen-evolving complex reversibly decrease during the ear-
ly stage of heat treatment (Haque et al. 2014). At the transcrip-
tional level, the expression of the PE gene was susceptible to
change under heat stress (Ding et al. 2015). At the translation-
al level, the degradation of linker protein of the phycobilisome
disturbed the stability of PE in Pyropia haitanensis, whereas
the upregulation of the PC and APC subunits were likely
compensatory for the loss of light harvest and electron transfer
(Xu et al. 2014). In our study, at three high temperatures, the
phycobiliprotein concentrations in strain 981 essentially de-
clined in at least the first 8 h, indicating that the light-
harvesting complexes in strain 981 (which was insensitive to
heat stress) probably adapted early to heat stress when com-
pared to the strain 07-2. In 2013, a research study reported
that the chlorophyll @ content showed instability at different
temperatures (20 and 30 °C), although the PE became low
when compared to 10 °C (Ye et al. 2013). The F,/F,, of the

b
] HSP 82

5- B cytosolic HSP 70
o 4 o * B cyclophilin-like protein
£ 3- .
E 24
i
e 01
IRE 8 24
= 24

-3

time (h)

protein in strain 981; hite bars indicate HSP82; lack bars represent
cytosolic HSP70; and grey bars depict cyclophilin-like protein (+ SD);
b the differential expression of two heat shock proteins and cyclophilin-
like protein in strain 072
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Fig. 6 Time-course results of western blotting of HSP70 in the two
strains exposed to 35 °C. Asterisk indicates statistical significance. All
gels were run in triplicate. The molecular mass marker (M) and p/ are
displayed on the lefthand sides and above the gels, respectively; a
expression of cytosolic HSP70 protein in strain 981 at 0, 8, 12 and
24 h; b expression of cytosolic HSP70 protein in strain 07-2 at 0, 8, 12

07-2 strain remained stable under heat stress, when the
phycobilisomes declined in this case, indicating that the capa-
bility of energy transfer in strain 07—2 was maintained under
heat stress.

Contrary to the sharp decrease of phycobiliproteins in
strain 981 at 35 °C after 24 h of heat stress, the reversible
increase of phycobiliproteins in strain 07-2 after the decline
suggested the recovery of phycobiliproteins in strain 07-2,
which maintained the activities of proteins in photosynthesis.
However, the heat stress caused a decrease in photosynthetic
activity in strain 981 without recovery. Heat stress does not
directly cause severe damage to PSII, but it can inhibit its
repair and cause damage to the photosynthetic reaction center,
due to the generation of reactive oxygen species (ROS)
(Yordanov et al. 2000; Allakhverdiev et al. 2008). ROS can
lead to the autocatalytic peroxidation of membrane lipids. Lu
etal. (2013) demonstrated that the activities of enzymes in the
antioxidant process, such as glutathione peroxidase, glutathi-
one reductase and superoxide dismutase, increased in accor-
dance with the changes of transcripts in thermotolerant strains
of G. lemaneiformis exposed to high temperatures in strain
981 and not in the wild strain. In our study, the transfer of
electrons from the recovered phycobiliproteins to the photo-
synthetic reaction center in strain 07-2 can be a stressful bur-
den to the decreasing photochemical efficiency, suggesting
that the reaction center strongly suffers from damage by
the production of ROS at the later phase of heat stress.
However, photosynthesis of strain 981 suffered from severe
inactivation at 35 °C. Fu et al. (2014) claimed that the in-
creased SOD activity was correlated with increments of
tolerance to heat shock and detected that SOD activity
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and 24 h; ¢ the differential expression in terms of relative abundance (fold
change >1.5 or<—1.5, p>0.05) of cytosolic HSP70 proteins of the two
strains (981 and 07-2) were assessed at 8, 12 and 24 h under 35 °C heat
stress, compared with the cytosolic HSP70 proteins of strains 981 and 07—
2 at 0 h, respectively. White bars represent cytosolic HSP70 protein in
strain 981, and black bars depict cytosolic HSP70 in strain 07-2 (+ SD)

increased in strain 981 in the short term. Nevertheless, Lu
et al. (2010) showed that strain 07-2 had a higher total
antioxidant activity level than strain 981 at 32 °C. There-
fore, although we did not measure the activities of anti-
oxidants, the dismissal of the over-oxidative damage strain
07-2 was supposed to be intensively provoked by the dis-
organization of PSII, probably when the phycobiliproteins
concentrations decreased. However, enzymes in the anti-
oxidant process in both strains 981 and 07-2 response to
heat stress have rarely been reported and require further
investigation.

Under heat stress at 35 °C, the soluble protein concentra-
tions in the two strains decreased from 24 to 48 h, suggesting
that this high temperature likely inhibited protein synthesis,
and may have even led to protein degradation over time. In
2010, Gonzalez and Barrett (2010) reported that severe heat
stress causes an increase in cell membrane penetrability in
algae and the leakage of cytoplasm, resulting in long-term
damage to the cell structure. However, the increase in the SP
concentration observed in strain 07-2 at 24 h in our study
indicates that this strain probably responds to high tempera-
tures over the short-term by producing soluble proteins. Ex-
posure of the alga to short-term heat stress has been previously
shown to lead to the increased production of soluble proteins,
resulting in increases in infiltration and the number of func-
tional proteins, thereby maintaining and stimulating the nec-
essary level of proteins, including phycobiliproteins (Xiao and
Xiu 1997). In our study, the fluctuation of the SP concentra-
tion in strain 07-2 indicated that this strain was more sensitive
to heat stress than strain 981 during the early stage of heat
treatment. However, finally, the SP in strain 07-2 remained
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at a higher concentration than did strain 981, indicating that
the adaptive response of soluble protein in strain 072 to high-
temperature stress helped it to survive over the long term.
Generally, the photosynthesis of strain 07-2 showed greater
capability to heat stress and helped the alga adapt to high
temperatures, so these findings provide important information
for the culture of strain 07-2 in the South China Sea.

Stress-response proteins

Many proteomic studies showed that important stress-related
proteins could be detected by 2-DE, especially the inducible
heat shock proteins under heat stress (Lee et al. 2007). In a
study of the proteomic profile analysis of Pyropia haitanensis
under heat stress, proteins were classified into a series of func-
tional categories, including photosynthesis, energy metabo-
lism, redox homeostasis and translation or transcription regu-
lation, and small HSPs with low molecular weight responded
to high temperatures (Xu et al. 2014). In our study, several
enzymes were identified from the 2-DE spots that were in-
volved in metabolic pathways that function in response to heat
stress in G. lemaneiformis, including enzymes with roles in
carbon metabolism, energy metabolism, photosynthesis and
heat resistance. We found 4 types of molecular chaperone
proteins, including cyclophilin-like protein, HSP82, HSP70
and cytosolic HSP70 by 2-DE. Cyclophilin-like protein is
widely distributed in plant cell nuclei, cytoplasm, chloroplasts
and other organelles (Romano et al. 2004), but it has rarely
been reported in algae. It belongs to the cyclophilin family and
has peptidyl-prolyl cis-trans isomerase enzymatic activity. In
addition, Thao demonstrated that the expression of the
cyclophilin protein increased in celery in response to salt
and heat stress (Thao et al. 2007). The increase of
cyclophilin-like protein in both strains 981 and 072 under
heat stress suggests that it may promote protein folding and
metabolic regulation in G. lemaneiformis.

Heat-responsive proteins are universal in the proteomes
of prokaryotic and eukaryotic organisms (Gupta et al.
2010). Here, we focused on the role of heat shock protein
in the heat stress response in both strains. Molecular chap-
erones participate in protein folding and in the prevention
of protein denaturation (Tripp et al. 2009). In
G. lemaneiformis, HSP82 was up-regulated by 2.9-fold
at 35 °C in strain 981, indicating that this protein was
induced by heat stress. Breusegem et al. (1994) demon-
strated that HSP82 mRNA was the most highly expressed
within 120 min after rice was transitioned to 42 °C .
However, Lindquist and Craig (1988) claimed that over-
production of the HSP82 protein did not protect cells
from being killed by heat, even though cells cannot sur-
vive at high temperatures with this protein . In our study,
HSP82 expression in strain 981 was significantly in-
creased under the high-temperature stress until 48 h, but
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it became fragile following exposure to 35 °C for 48 h, as
demonstrated by the marked decreases in all of the phys-
iological indexes examined after 24 h. These findings
suggest that HSP82 probably plays a supporting role in
protection of G. lemaneiformis under heat stress.

The change in HSP82 expression is in great contrast
with that of the heat-inducible protein HSP70. Gu et al.
(2012) have compared the transcription levels of cytosolic
HSP70 at 32 and 28 °C and have shown that its expres-
sion increases earlier and to a greater extent at the higher
temperature. In this study, cytosolic HSP70 expression was
up-regulated by 1.6-fold at 8 h and by 2.5-fold at 24 h in
strain 07-2 compared with that in the control at 0 h,
consistent with the western blotting results. Further, Cyto-
solic HSP70 expression was consistently upregulated in
strain 981 at the translational level when compared with
that in strain 07-2 over time. This result suggested that
cytosolic HSP70 in strain 981 aided in the resistance of
G. lemaneiformis to high temperatures at the early phase
of heat shock, according to the sharp decline of the phys-
iological indices of strain 981 after 24 h, but not in its
survival under severe heat stress. Fu found that the expres-
sion of the hsp70 gene in strain 981 reached more than a
1.6-fold change than the control within 4 h under heat
treatment (Fu et al. 2014). These findings suggested that
HSP70 in strain 981 probably responded to heat stress in
several hours in the early phase of heat stress when com-
pared to strain 07-2. At the transcriptional level, five
genes of hsp70, which were identified from the red
macroalgae Pyropia haitanensis, significantly increased af-
ter 6 or 12 h under 29 °C, including two cytoplasmic
hsp70s and three different hsp70s in other cellular organ-
elles (Ji et al. 2015). However, the cytosolic HSP70 pro-
tein level was higher in strain 07-2 than in strain 981
throughout our experiment, but the members in the
HSP70 family should be investigated in different cellular
organelles under heat shock. Additionally, in a study of
comparative calmodulin genes in strains 981 and 07-2
under heat shock, the results showed that the camodulin-
1 gene in strain 981 played a key role in signal transduc-
tion, but did not show any advantages for the expression
of camodulin-1 gene in strain 07-2 under 32 °C heat
shock (Liu et al. 2015). It is important to note that there
should be an efficient signal-transduction pathway in stain
07-2, which is likely to conduct the adaptive response to
heat stress in thermorelated gene expressions. These find-
ings implied that high temperatures strongly induced the
translation of cytosolic HSP70 in strain 07-2 of
G. lemaneiformis; therefore, this strain was more resistant
to heat than strain 981. In our study, cytosolic HSP70 was
found to play a key role as a molecular chaperone in
protein folding and to aid in ameliorating the damage
caused by heat stress, thereby retaining cell homeostasis.
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Two-DE protocol for G. lemaneiformis proteomics
research

Three main factors influence the results of 2-DE gels in pro-
teomics research of macroalgae under stress, including the
quality of the proteins extracted from samples, the pH range
of the immobilized pH gradient (IPG) strip used in first-
dimension isoelectric focusing electrophoresis and the sepa-
rating gel concentration used in second-dimension electropho-
resis (Nagai et al. 2008). In this study, the quality of proteins
extracted from samples and the loading quality in isoelectric
focusing are critical to 2-DE. It was difficult to extract total
proteins from the G. lemaneiformis because it contained a low
level of proteins, although it was rich in agar and polyphenol
contaminants. Therefore, we used of Trizol reagent for isolat-
ing algal proteins. A pH of 4-7 and an 11-cm-long strip were
employed to separate proteins according to their individual
isoelectric points (pls) and a 12 % gel concentration was used
to separate the proteins of G. lemaneiformis according to their
molecular masses. In this study, the stained gels with
Coomassie blue (R250) were probably employed to detect
proteins, whereas the higher sensitivity method of silver stain-
ing should be used to further detect proteins. However, an
effective protocol for preparing and loading protein samples
was established for high-quality 2-DE gel analysis of the
G. lemaneiformis proteome. Distinct protein spots were de-
tected in a single 2-DE gel. This study provides an applicable
2-DE/MS workflow for proteomic analysis of G.
lemaneiformis.
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