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Abstract During seaweed mariculture the stocking density
increases with growth season, which would potentially affect
the inorganic carbon availability for photosynthesis. In the
present study, the red macroalgal species, Pyropia
haitanensis, collected from the cultivation site located at
Nan’ao Island, Shantou, China (23°20°N, 116°40’E), was cul-
tured under high and low stocking density level (5 and
lg L") and two different carbon concentrations (ca. 390
and 20 ppm CO; in air), to investigate how the stocking den-
sity and carbon supply affect the growth and photosynthesis of
this alga. The relative growth rate (RGR), nitrate reductase
(NR) activity, and photosynthetic rates of high stocking
density-grown P. haitanensis thalli were decreased compared
with low stocking density-grown thalli. The lowered carbon
supply in culture inhibited the RGR, NR activity, photosyn-
thetic rates, and photosystem II activity of the algae. It was
shown that high stocking density exhibited similar negative
effect compared with reduction of carbon supply on the pho-
tosynthesis of P. haitanensis. Moreover, high stocking density
aggravated the effect resulting from decreased carbon supply
on photosynthesis. We proposed that it is necessary to strive to
maintain the relative low stocking density to obtain a
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sustained high rate of biomass increase in P. haitanensis
mariculture.
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Introduction

In the nature, the biomass of seaweeds is highly related to
stocking density (Demetropoulos and Langdon 2004). The
growth of seaweeds is inhibited by low irradiance and dis-
solved growth substances in high-density algal mats; there-
fore, it will result in a balance between density and biomass
(Scrosati 2005). Moreover, previous studies have shown that
photosynthetic performance of seaweeds varied greatly
among different densities (Binzer and Middelboe 2005;
Richards et al. 2011). Increasing density of seaweeds reduced
light saturation of maximum photosynthetic rate, light use
efficiency, and dark respiration rate but significantly increased
light saturation point (Binzer and Sand-Jensen 2002;
Copertino et al. 2009; Richards et al. 2011). In some situa-
tions, a severe low dissolved inorganic carbon (Ci) concentra-
tion also occurs in the condition of high density and slow
seawater exchange (Richards et al. 2011; Zou 2014; Jiang
et al. 2016a, b). Seaweed cultivation beds are often subject
to low carbon, as intense photosynthetic activity depletes dis-
solved Ci (DIC) in the water. The DIC content of natural
seaweed vegetation bed was significantly higher (more than
five times) than the content of seaweed farm (Chung et al.
2013). Several studies concerned the impacts of carbon limi-
tation on seaweeds and showed that decreased CO, in seawa-
ter increased pigments content (Garcia-Sanchez et al. 1994;
Mercado et al. 1999; Andria et al. 2001; Zou 2014; Jiang et al.
2016a, b), Rubisco content and carbonic anhydrase (CA)
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activity (Garcia-Sanchez et al. 1994; Andria et al. 2001; Zou
et al. 2003), but lowered the growth and photosynthesis
(Mercado et al. 1999; Zou 2014; Jiang et al. 2016a, b).

Pyropia haitanensis (Bangiales, Rhodophyta) is the princi-
pal species in aquaculture along the coast of South China.
Pyropia cultivations mainly adopt the pillar, semi-floating
and all floating raft culture. Farming sites are selected in water
flow rate is 10-30 cm s '. At Shen’ao Bay, Nan’ao Island,
Shantou, China, the local people choose pillar type to culture
P, haitanensis. When the mean seawater temperature is 25—
27 °C (usually in September), P. haitanensis conchospores are
transplanted to polyethylene ropes, and the quantity of
conchospores is ~1.2 million m 2. The maximum density of
young P, haitanensis thalli can reach up to ~300 cm ™' before
the polyethylene ropes are suspended at surface seawater lay-
er. After P. haitanensis thalli grow to 3—6 cm, the maximum
growth length can reach up 5 cm day . The maximum length
of P. haitanensis will reach up to 25 cm, and biomass will up
to ~0.3 kg m 2 after 40 days since conchospores have been
fixed. During P. haitanensis mariculture, the thalli probably
experience lowered inorganic carbon and irradiance due to
high mat density. Our previous study had found that under
growth condition of decreased CO, supply, the photosynthetic
pigment contents of P. haitanensis were increased at lowered
sunlight, while the growth rate and photosystem activity were
decreased at relative high sunlight (Jiang et al. 2016a).
Considering that P. haitanensis experience varied stocking
density and lowered inorganic carbon supply in the field dur-
ing mariculture, we cultured P. haitanensis outdoor with two
different stocking densities and two different carbon supply
levels in the present study. We specially paid attention to un-
derstand the effects of decreased carbon and increased stock-
ing density on growth rate and photosynthetic capacity in
P. haitanensis, thereby getting some knowledge about the re-
sponse and acclimation behaviors of the algal growth and
photosynthesis to varied mat density and its synergically ef-
fect with low carbon level.

Materials and methods

Thalli of Pyropia haitanensis TJ Chang et BF Zheng were
collected during December 2014 from a cultivation field at
the Shen’ao Bay, Nan’ao Island, Shantou, China (23° 20’ N,
116° 40" E). The thalli used in the experiment were 5 to 8 cm
long. The thalli were gently rinsed to remove sediments and
epiphytes. Only unwounded and healthy thalli were selected.
Samples were transported to the laboratory in a plastic bucket
with some seawater (at ca. 4 °C) and were maintained in
plexiglass aquaria with filtered natural seawater (salinity ca.
33 psu) at 20 = 0.5 °C. The algae received an irradiance of
about 100 pmol photons m > s ' (PAR) with a 12 h/12 h of
light/dark period. The seawater was continuously aerated and

@ Springer

renewed every day. The thalli used for experimental treat-
ments were acclimated for 2 days in the above conditions.
The irradiance was quantified by means of a quantum sensor
(QSL2100, USA).

Culture treatments

The thalli were cultured at two inorganic carbon (Ci) concen-
trations and two levels of stocking density. For the treatment
of ambient carbon supply (AC), the culture seawater was aer-
ated continuously with ambient air (the CO, concentration in
the air was ca. 390 ppm; the seawater contain ca. 12.8 pM
CO,, 2495 uM HCO; ", 370 uM CO5>). For the decreased
carbon (DC) treatment, the culture media had low Ci seawater
and were aerated continuously with ambient air through 5 M
NaOH solution (the CO, concentration in the air was ca.
20 ppm, Zou et al. 2003; the seawater contain ca. 0.7 uM
CO,, 405 uM HCO3 ', 190 uM CO;%). The low Ci seawater
was prepared from Ci-free seawater as described as below. Ci
was removed from the sterilized natural seawater by reducing
pH to less than 4.0 with the addition of 0.5 M HCI, and then
sparging with high purity N, gas for at least 5 h. Finally, the
pH in the seawater was adjusted to 8.2 with freshly prepared
0.5 M NaOH solution (Zou 2014; Jiang et al. 2016b). The
treatment of high density (HD) means that stocking density
was 5 g L! (FW), and the treatment of low density (LD)
means that stocking density was 1 g ™' (FW). Three replicate
cultures were carried out for each growth treatment.

Seaweeds were inoculated in 12 jars (diameter is 21 cm)
containing 10 L of filtered seawater cultured under open con-
ditions. The thalli were kept in suspension by continuous
sparging and aeration at 0.4 L min~', which was continuously
controlled using the flowmeter (Huanming LZB-3; Yuyao
KingTai Instrument Co., Ltd., Yuyao, China). The photon ir-
radiance conditions in the algal mats were measured at 2 h
intervals between 06:30 and 20:30 in a typical day during the
culture. The values of irradiance were at their maximum about
12:30, and the maximum value of HD and LD was about 699
and 827 wmol photons m 25", respectively (Fig. 1). For all of
the treatments, the culture seawater was supplemented 20 uM
H,PO, and 100 uM NOj . The seawater was replaced every
day. The fresh medium had been pre-aerated with the air con-
taining the appropriate [CO,] for at least 5 h. The algal thalli
were harvested for use after 18 days of cultures. The daily
mean temperature of the seawater was ca. 19 °C during the
period of cultivation.

Growth rates

Biomass was measured in each culture to estimate growth.
The relative growth rate (RGR), expressed as percentage of
increase in fresh weight (FW) biomass per day (% day_l), was
estimated assuming exponential growth during the culture
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Fig. 1 Daily variation of irradiance throughout a type day during culture
treatment for Pyropia haitanensis under different stocking densities

period according to the formula: RGR = [(InW, — InW))/
f] x 100, where W, represents the initial and W, the final FW
of the algae, and ¢ is the time of culture in days. The algal
samples were softly blotted the excess water on filter papers
before FW weighting.

Biochemical components

To determine pigment contents, about 0.1 g FW per sample
were extracted in 100% methanol with mortar and pestle. The
crude extracts were extracted at 4 °C in darkness for 24 h. The
extract was centrifuged at 5000xg for 10 min, and then the
supernatant was used to determine the contents of chlorophyll
a (Chl a) and carotenoid (Car) with an ultraviolet spectropho-
tometer (UV-1800; Shimadzu, Japan). The concentrations of
Chl a and Car were calculated spectrophotometrically using
the equation by Porra (2005) and Parsons and Strickland
(1963). To determine phycoerythrin (PE) and phycocyanin
(PC), about 0.2 g FW per sample were extracted in 0.1 M
phosphate buffer (pH 6.8) at 4 °C with mortar and pestle.
The extracts were then centrifuged at 10,000xg for 20 min,
and then the supernatant was used to determine the contents of
PE and PC with an ultraviolet spectrophotometer (UV-1800;
Shimadzu, Japan). The PE and PC contents were quantified
according to Beer and Eshel (1985).

Nitrate reductase activity

Nitrate reductase (NR) activity was assayed using fresh mate-
rial directly from the cultures according to the in situ proce-
dure of Corzo and Niell (1991). The algal samples were col-
lected 6-8 h into the light period, and the measurement was
carried out immediately (Zou 2005). Approximately 0.15 g of
tissue was placed in 10 mL of incubation medium. The final
composition of the incubation medium was 0.1 M phosphate

buffer (pH 7.5), 0.5 mM Na-EDTA, 0.1% 1-propanol, 50 mM
NaNOs3, and 0.01 mM glucose. N, flushing for 2 min was
performed after introducing the sample. Then, the sample
was incubated in the dark at 30 °C for 30 min. Two milliliter
of the supernatant was transferred into a colorimetric tube, and
1 mL of sulfonamide reagent (1%) and 1 mL of hydrochloric
acid naphthalene ethylenediamine reagent (0.1%) were added.
After 15 min, the mixture was used to determine the contents
of NO, -N using an ultraviolet spectrophotometer at 543 nm
wavelength. Each sample had three replicates. NR activity
was expressed in micromoles NO, per gram per hour.

Chlorophyll fluorescence

Measurements of chlorophyll fluorescence were made using a
Pulse-amplitude modulated fluorometer (Junior-PAM, Walz,
Germany). The maximal quantum yield of photosystem I (PS
Il) of P. haitanensis thalli (dark-adapted for 10 min) was de-
termined as F,/F,,, where F, indicates variable fluorescence
(F,=F, —F,) (Cosgrove and Borowitzka 2011). A saturating
pulse of white light (approx. 3000 umol photons m s~ ') was
applied to obtain the maximal fluorescence, F,, (the fluores-
cence yield when all the PS II reaction centers are reduced).
The initial fluorescence, F,, (fluorescence intensity with all PS
II reaction centers open, while the photosynthetic membrane
is in the non-energized state), was obtained at a pulsed irradi-
ance of approximately 0.1 pmol photons m > s . The rapid
light curves (RLCs) consisted of the fluorescence response to
eight different and increasing actinic irradiance levels as in our
previous study. Relative electron transport rate (ETR, pumol
electrons m 2 s~ ') at a given actinic irradiance was estimated
as ETR = Yx PAR x 0.84 x 0.5, where Y is the effective
quantum yield, PAR is the actinic irradiance (pmol pho-
tons m > s_l), 0.84 is the default value for the PSII absorption
factor, and 0.5 is the fraction of incident PAR absorbed by
chlorophyll associated to PSII. The parameters of the RLCs
were calculated following the model equation from Jassby and
Platt (1976): tfETR = rETR,, x tanh (v x I/tfETR,,), where
rETR,, is the saturated maximum relative electron transport
rate, « is the initial slope of the RLCs, and [/ is the incident
irradiance. Non-photochemical quenching indicating the fluo-
rescence intensity with all PS II reaction centers closed in any
light adapted state was determined from the equation from
Bilger and Bjorkman (1990): NPQ = F,,/F,,' — 1, where F,,’
is the maximal yield in a saturation pulse during actinic
illumination.

Photosynthetic oxygen evolution
The rate of respiration and net photosynthesis of P.
haitanensis thalli were determined with the Clark-type oxygen

electrode (YSI Model 5300, USA) at 20 °C. The P.
haitanensis thalli were cut into small segments (ca.
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0.3 x 0.3 cm), and then these pieces were incubated in
100 umol photons m > s~ for at least 1 h to minimize the
effect of cutting damage. The mediums were the outdoor cul-
ture seawater, respectively, and aerated with carbon levels
were same as the experiment treatment. The 50 mg algal sam-
ples were allowed to equilibrate for about 15 min before the
respiration, and net photosynthetic rates were measured.
Respiration was recorded when the oxygen uptake stabilized,
usually within 5-10 min. Immediately following the respira-
tion measurement, the irradiance-saturated net photosynthetic
rates were determined at 500 wmol photons m 2 s~ (Zou and
Gao 2002).

To obtain the photosynthetic rate versus Ci concentration
relationship (P-C curve), a sample of about 50 mg FW thalli
segments was incubated in the electrode chamber containing
8 mL Ci-free seawater until no further O, evolved. The Ci-free
seawater was prepared prior to the measurements according to
our previous studies (Zou 2014). Ci was removed from the
sterilized nature seawater by reducing pH to less than pH 4.0
with the addition of 0.5 M HCI and then sparged with high-
purity N, gas for at least 5 h. Finally, TRIS buffer was added
to give a final concentration of 25 mM, and the pH in the
seawater was adjusted to 8.2 again with freshly prepared
0.5 M NaOH solution. Different aliquots of 50-200 mM
NaHCOs stock solution were then injected into the chamber,
to create different Ci concentrations as desired. For the P-C
parameters, the Ci-saturated maximum rate of photosynthesis
(Vmax) and the concentration of Ci (K ,(Ci)) supporting half
of Viax Were estimated from double reciprocal plots of the
rates of O, evolution and the Ci concentrations.

Statistical analyses

The data were expressed as the means =+ standard deviation
(S.D., n > 3). Statistical significance of the data was tested
with analysis of variance (ANOVA) or ¢ test using SPSS for
Window version 19.0. Tests for normality and homogeneity of
variance were performed to check assumptions of parametric
analysis. The significant level was set at P < 0.05.

Results
Growth rates

The mean relative growth rate (RGR) of Porphyra haitanensis
grown at high stocking density reduced by ca. 68% (under
ambient carbon supply) and ca. 54% (under decreased carbon
supply), respectively, compared with the rate of algac grown
at low stocking density. Under the low-density condition, the
RGR of P. haitanensis thalli grown at decreased carbon was
significantly lowered (reduced by ca. 37%) compared with the
thalli grown at ambient carbon. Moreover, when
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P, haitanensis thalli cultured at high density level, the mean
of RGR was similar between the low carbon-grown thalli and
ambient carbon-grown thalli (P > 0.05) (Fig. 2).

Biochemical composition

Regardless of the carbon concentrations, the Chl a, Car, PE,
and PC contents of P. haitanensis thalli were similar between
the thalli grown at low and high densities (P > 0.05).
P. haitanensis thalli showed similar (P > 0.05) Car contents
when the thalli grown at the two different carbon levels; how-
ever, the Chl a, PE, and PC contents of decreased carbon-
grown thalli were higher than ambient carbon-grown thalli
(P < 0.05), irrespective of the stocking densities (Table 1).

Nitrate reductase activity

The nitrate reductase (NR) activity exhibited a lowered value
(P < 0.05) in the thalli cultured at high density than at low
density. Additionally, NR activity displayed a lowered value
(P < 0.05) in the thalli cultured at decreased carbon than at
ambient carbon (Fig. 3).

Chlorophyll fluorescence characteristics

Figure 4 shows that the rapid light curves (RLCs) in P.
haitanensis thalli differed clearly with different growth treat-
ments. The maximum quantum yield of photosystem II
(F\/F,,) and non-photochemical quenching (NPQ) were similar
between thalli grown at low and high stocking densities
(P > 0.05). However, the initial slope of the RLC (<) and max-
imum relative electron transport rate (fETR,,) of high stocking
density-grown thalli were significantly reduced compared with
low density-grown thalli (P < 0.01), when P. haitanensis thalli
grown at decreased carbon condition. The F,/F,, value of the

4.0+ a [ High density
: ]: [ JLow density
3.2
. b
[ 2.4 1 I
e
X 16- c
Q C T
4 T 1
0.8- :
0.0

Ambient carbon Decreased carbon

Treatment

Fig. 2 The relative growth rate (RGR) of Pyropia haitanensis grown at
different carbon availability and stocking density level. Vertical bar rep-
resents +SD of the means (n = 3)
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Table 1 Chlorophyll a (Chl a), —

carotenoids (Car), phycoerythrin Growth conditions

(PE), and phycocyanin (PC) in

Pyropia haitanensis grown at AC-HD AC-LD DC-HD DC-LD

different carbon availability and

stocking density levels Chla (mgg ' FW) 0.65 +0.08 be 0.59+0.10b 0.77+0.03 a 0.76 £ 0.04 ac
Car (mg g ' FW) 031+0.02a 0.28 £0.04 a 029+0.03a 034+0.02a
PE (mg g ' FW) 1.97+0.17b 1.90+0.15b 233+0.10a 237+0.12a
PC (mgg ' FW) 125+0.13b 1.19+0.09b 1.52+0.08 a 1.50+£0.09 a

Data are means + SD (n = 3). Different superscripts indicate significant difference (P < 0.05)

AC treatment of ambient carbon supply, DC treatment of decreased carbon supply, LD treatment of low stocking
density, HD treatment of high stocking density

algae grown at decreased carbon was reduced (P < 0.05) relative
to the value of ambient carbon-grown algae; however, the NPQ
value of decreased carbon-grown thalli was greater (P < 0.05)
than the value of ambient carbon-grown thalli, irrespective of the
stocking densities (Table 2).

Photosynthetic responses

Table 3 shows the net photosynthetic (P,) and respiratory (R,)
rates of P. haitanensis thalli grown at different stocking den-
sity and carbon supply conditions. Under the two carbon con-
ditions, the P, in the thalli grown at low density was higher
(P < 0.05) than the thalli grown at high density; however, the
high stocking density reduced (P < 0.05) the R;. The P, of
ambient carbon-grown algae was significantly higher
(P < 0.05) than the rate of decreased carbon-grown algae;
however, the R, was significantly reduced (P < 0.05) in de-
creased carbon-grown algae compared with ambient carbon-
grown algae, irrespective of the stocking densities.

The photosynthetic responses to Ci concentration (P-C
curves) are shown in Fig. 5, and the parameters of P-C curves
are presented in Table 4. The curves of the algae cultured
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Fig. 3 Nitrate reductase (NR) activity in Pyropia haitanensis grown at
different carbon availability and stocking density level. Vertical bar
represents +SD of the means (n = 3)

under different stocking density and carbon supply conditions
were highest in ambient carbon with regard to low density.
Under the two carbon conditions, the maximum Ci-saturated
photosynthetic rate (V) of algae grown at low stocking
density was much higher (P < 0.05) than algal thalli grown
at high stocking density. Under the low stocking density con-
dition, the V.« of algae grown at ambient carbon was
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+SD of the means (n = 6)
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Table 2 The maximal quantum yield of photosystem II (¥,/F,,), initial slope of the RLCs (o), maximum photosynthetic electron transport rate
(rETR,,)), non-photochemical quenching (NPQ) in Pyropia haitanensis grown at different carbon availability and stocking density levels

Growth conditions

AC-HD AC-LD DC-HD DC-LD
FJF,, 048+0.01a 048 +£0.01a 044+0.02b 045+0.01b
A 0.17 +£0.02 ab 0.14 +0.02 ab 0.14+0.02b 0.18+0.02a
rETR,, 19.87 +£2.48 ab 23.07+2.14a 19.00 +£0.20 b 2377+137a
NPQ 0.28 +0.03 bc 026+0.03¢ 0.36+0.03a 0.32+0.02 ab

Data are means = SD (n = 6). Different superscripts indicate significant difference (P < 0.05)

AC treatment of ambient carbon supply, DC treatment of decreased carbon supply, LD treatment of low stocking density, /7D treatment of high stocking

density

significantly greater (P < 0.01) than the rate of algae grown at
decreased carbon supply. The values of the apparent half-
saturating Ci concentration (K, (Ci)) were similar
(P > 0.05) among all the stocking density and carbon supply
growth conditions.

The P,, Ry, and Vi, of P. haitanensis thalli grown at high
stocking density and ambient carbon condition were similar
(P > 0.05) relative to the thalli grown at low density and de-
creased carbon condition. Moreover, the P, of the thalli grown
at high stocking density and decreased carbon was the lowest
among the four different treatments (Tables 3 and 4).

Discussion

Growth and biochemical components Population density
acts as an ecological factor affecting the algal growth. The
present results showed that the relative growth rates (RGR)
were reduced in Porphyra haitanensis grown at high stocking
density relative to the algae grown at low stocking density.
Although the RGR of low density treatments with more than
twice higher that in high density treatments, the final densities
were significantly different between low density (ca.
1.6 g L") and high density (ca. 5.9 g L™"). The previous
studies had also reported that density was negatively correlat-
ed with growth in a red alga (Kappaphycus striatum; Hurtado
et al. 2008) and a green alga (Ulva rigida; Viaroli et al. 1996).
High-density populations may form diffusion boundary layers

(DBL) that can reduce the NO5 ™ to algal thalli surfaces (Hurd
2000; Richards et al. 2011). Moreover, the thalli grown at high
density displayed lowered photosynthetic rates. Therefore, the
DBL and decreased photosynthetic rates were factors to inhib-
it RGR of P, haitanensis grown at high stocking density.

‘When the CO, level for aeration in culture was lowered, the
RGR was considerably decreased. In previous studies, the re-
duction of RGR in low carbon condition had been reported in
other macroalgal species (Garcia-Sanchez et al. 1994; Andria
etal. 2001; Zou 2014; Jiang et al. 2016a, b). When carbon level
was decreased in seawater, the lowered RGR was related to the
lack of sufficient carbon for growth under severe Ci limitation.
Such a decrease of growth was also associated with low pho-
tosynthetic rates of the algae grown at low carbon supply.

The present results showed that the photosynthetic pigment
(chlorophyll a, carotenoids, phycoerythrin, and phycocyanin)
contents of P. haitanensis were similar between algae grown at
high and low stocking densities. Generally, the different
grown conditions exist in varied algal mats density, and even
these can result in changed physiology of algae. Therefore, the
results indicated that the mechanisms for photosynthetic pig-
ment processes of P. haitanensis were not activated under the
high stocking density.

The cellular components are affected by the carbon dissolv-
ing levels in seawater. The present result showed that the de-
creased carbon level in seawater increased photosynthetic pig-
ment contents of P. haitanensis thalli. The electron flow be-
tween PS II and PS I and carbon fixation pathway is related to

Table3  The net photosynthetic (P,) and respiratory (R,) rates in Pyropia haitanensis grown at different carbon availability and stocking density levels

Growth conditions

AC-HD AC-LD DC-HD DC-LD
P, (umol O, g " FWh™") 5543+1470b 801.8+81.9a 4253 +378¢ 5589+51.6b
Ry (umol O, g "FWh'") —424+35b -59.9+92a —289+19¢ —-36.2+ 8.8 bc

Data are means + SD (n = 3). Different superscripts indicate significant difference (P < 0.05)

AC treatment of ambient carbon supply, DC treatment of decreased carbon supply, LD treatment of low stocking density, HD treatment of high stocking

density
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(a) and low stocking density (b). Vertical bar represents £SD of the
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the concentration of photosynthetic units and their minimal
turnover time (Falkowski and Raven 1997). In this study, the
increased photosynthetic pigment contents of the thalli would
be beneficial to compensate for a part of the decreased electron
transport in the low carbon condition. Thereby, the results
provide evidence that P. haitanensis thalli increased the
pigment contents in an effort to acclimate to the decreased
carbon condition. These results agreed with previous studies
in other macroalgal species which showed that the pigment
contents were increased by the low carbon growth condition

(Garcia-Sanchez et al. 1994; Huertas et al. 2000; Andria et al.
2001; Zou 2014; Jiang et al. 2016a, b).

Nitrate reductase activity When the stocking density was
increased, the activity of nitrate reductase (NR) activity of
algae was considerably reduced. It might suggest that high
stocking density reduced the capacity of nitrogen metabolism,
which would be a reason for explaining lowered RGR of
P haitanensis grown at high density. Light is an important
factor involved in NR regulation (Lillo 1994). Therefore, the
lowered NR activity might be related to relative low light level
in high stocking density algal mats.

The present results showed that the decrease of carbon
reduced the activity of NR. Similar result was found in
Grateloupia livida (Jiang et al. 2016b). Furthermore, the op-
posite pattern was obtained regarding the high levels of car-
bon. For example, the activity of NR was increased in
Porphyra leucosticta (Mercado et al. 1999), Hizikia fusiforme
(Zou 2005), and Ulva rigida (Gordillo et al. 2001) grown at
high levels of CO, compared with the activity of those algae
grown at normal CO, level. The results implied that the re-
duction of carbon level (decreased carbon supply and/or in-
creased consumption of Ci in high density) in seawater had an
adverse effect on activity of NR of P. haitanensis.

Photosynthetic characteristics The present results showed
that the algae grown at high stocking density reduced the net
photosynthetic rates (P,,), maximum relative electron transport
rate (tETR,,), and respiration rates (R,). The similar results
had also been shown in previous studies, where the maximum
rate of photosynthesis and apparent photosynthetic efficiency
were decreased by the high density in Undaria pinnatifida,
Cystophora scalaris, Xiphophora gladiata (Richards et al.
2011), and turf algae (Copertino et al. 2009). When
P haitanensis thalli were cultured at high stocking density,
Ci and irradiance in culture seawater would be decreased.
The photosynthetic pigments were similar between the algae
grown at high stocking density and low stocking density, im-
plying that the different stocking densities had no effects on
the concentration of light-harvesting pigments and the

Table4 The maximum Ci-saturated photosynthetic rate (V) and the values of the apparent half-saturating Ci concentration (K, (Ci)) in Pyropia

haitanensis grown at different carbon availability and stocking density levels

Growth conditions

AC-HD AC-LD DC-HD DC-LD
Vinax (tmol O, g ' FW h™") 474.1 £45.0 bc 7285+31.2a 4146 +£49.0 ¢ 5275+21.0b
K, (Ci) (mM) 0.18+0.03 a 0.19+0.06 a 0.17+0.02a 020+0.04 a

Data are means + SD (n = 3). Different superscripts indicate significant difference (P < 0.05)

AC treatment of ambient carbon supply, DC treatment of decreased carbon supply, LD treatment of low stocking density, HD treatment of high stocking

density
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photosystem II reaction center densities. However, our previ-
ous study found that the photosynthetic system activity of
P, haitanensis grown at low irradiance was increased through
promoting the synthesis of photosynthetic pigments (Jiang
et al. 2016a). Therefore, we speculated that the delicate irra-
diance differences (the maximum value was ca. 15%) between
the high and low stocking density could not influence the
photosynthesis of P. haitanensis. Moreover, the DBL in high
density algal mats reduced the flux of O, and dissolved Ci to
and from algal thalli surfaces, and then these resulted in lower
photosynthetic performance compared with the individuals
(Richards et al. 2011). Therefore, these suggested that proba-
ble inorganic carbon shortage and DBL effect in high popula-
tions were factors to inhibit photosynthesis of P. haitanensis.

The maximum quantum yield of photosystem II (PS II;
F/F,) and P, of reduced carbon-grown P. haitanensis thalli
were reduced, which might be caused by the inhibition of PS II
activity. The result was consistent with the observation of Zou
(2014) and Jiang et al. (20164, b), where the F,/F,, and F,"/F,,’
were decreased under the low carbon condition in macroalgae.
In the course of carbon starvation, the endogenous electron
acceptors reduce and oxygen becomes the main available elec-
tron acceptor. At the same time, oxygen also can act as electron
acceptor in photorespiration and the Mehler reaction (Durchan
et al. 2001). The activity of PS II and photosynthetic rates will
be inhibited by the active oxygen radicals (e.g. superoxide,
hydroxyl radicals, and hydrogen peroxide) which produce in
the Mehler reaction. When carbon limitation occurs in seawa-
ter, the more photosynthetic pigments of algae absorb more
light than can be utilized by carbon assimilation. However,
the excess energy will be dissipated by the increased non-
photochemical quenching (NPQ) in algae.

Under high stocking density and lowered carbon condi-
tions, the maximum Ci-saturated photosynthetic rates (V,,.,)
of P. haitanensis thalli were decreased. However, the apparent
half-saturating Ci concentrations (K, (Ci)) of the thalli grown
at the four different culture conditions were similar. It was also
reported that the photosynthetic rates were reduced at de-
creased carbon in U. conglobata (Zou 2014), Gracilaria sp.
(Mercado et al. 1999), and P. leucosticta (Andria et al. 2001).
Our previous studies had demonstrated that photosynthesis of
P haitanensis depended on the external carbonic anhydrase
(CA) activity that catalyzed dehydration of extracellularly
HCO; to CO, and then that formed CO, is taken up into
the cells. There were two major steps in P. haitanensis thalli
involved in the supply of CO, to Rubisco from the external
pool of HCOj : first, the external conversion of HCO3;  into
CO, by external CA, and second, the transport of Ci within the
cell close to the carboxylating site of Rubisco for final photo-
synthetic CO, fixation (Zou and Gao 2002). Moreover, it had
reported that internal CA is involved in Ci transport processes
inside the algal cell (Siiltemeyer 1998; Zou and Gao 2002).
Therefore, the lower photosynthesis rates of thalli grown at
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high stocking density and lowered carbon supply might relate
to reduction of potential of Rubisco carboxylating. In the pres-
ent study, P. haitanensis thalli exhibited similar K;,, (Ci)
values between the algal thalli cultured at high stocking den-
sity and the thalli cultured at lowered carbon. This suggested
that the different culture environments had no effects on Ci
affinity of the algal thalli and also implied that the capacities of
using the external HCO5; and the transport of Ci toward
Rubisco within the cell were likely to remain similar levels
under high density and low carbon supply condition.
However, the activities of CA (including extracellular and
internal activities) and Rubisco carboxylating capacity of the
P, haitanensis thalli are yet to be addressed.

In the present study, the P, and V,,,,, were similar between
the thalli grown at high stocking density with ambient carbon
conditions and low density with decreased carbon supply.
This result indicated that high stocking density populations
exhibited similar negative effect compared with reduction of
carbon supply on the photosynthesis of P. haitanensis. When
carbon supply was decreased in seawater, the P, of the thalli
grown at high density was lowest among the different treat-
ments, implying that lowered carbon and high density existed
synergistic inhibition on the photosynthetic rates. In the nature
sea area, the biomass and photosynthesis of this important
economical alga would be lessened in seawater with de-
creased availability of Ci, which could occur in cultivation
with high stocking density and reduced seawater circulation.

In conclusion, the data obtained from the RGR, photosyn-
thetic rates, and photosystem Il activity of P. haitanensis sup-
port that the growth and photosynthesis of the algae were
depressed with either the high stocking density or decreased
carbon conditions. Additionally, the decreased carbon supply
and the simultaneous high stocking density aggravated the
depression effects of growth and photosynthetic rates in
P. haitanensis. Therefore, we propose that more labor would
be required to choose relative fast seawater exchange of cul-
tivation site and timely reduce the density during mariculture.
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