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ARTICLE INFO ABSTRACT

Keywords: To optimize the farming strategy of economically important seaweeds, we grew Gracilaria lemaneiformis at
Depth different seawater depths under natural solar radiation with or without UV irradiances. Our results showed that
Gracilaria lemaneiformis solar UV radiation (UVR, 295-395 nm) significantly inhibited its growth and photosynthesis in the surface
Growth . seawater; however, such a negative effects became inverse at 1.7 m with levels of UVR being about 11.7 Wm™ 2.
ls):;: :g\?them The maximal growth rates were found at 1.7, 0.8 m when the thalli grown at PAR + UVR or PAR only condi-

tions, respectively. UV-absorbing compounds in the algal thalli were up to 85% higher under PAR + UVR
compared to PAR alone treatment and they increased with decreased depths even in the absence of UVR. The
enhanced growth rate in the presence of UVR could be attributed to enhanced photosynthesis under moderate
levels of solar radiation by UV-A. Our study clearly showed that UV-induced growth inhibition could be mini-
mized or avoided by optimizing the alga's farming depth in different waters of different transparency, so that

Gracilaria's biomass production could be increased.

1. Introduction

Solar UV radiation (280-400 nm), is the portion of the most biolo-
gically damaging solar spectrum that reaches the surface of the Earth
(Héader et al., 2015). Solar UV-B (280-315 nm) varies spatio-tempo-
rally, being attenuated fast in water columns due to the properties of
water and dissolved organic matters (Diaz et al., 2000; Wozniak and
Dera, 2007). It was showed that photoactive depth of UV-B is as deep as
6.7 m in coastal water (Tedetti and Sempere, 2006). Most of marine
primary producers in coastal area are distributed above this depth;
therefore, they are naturally influenced by solar UV radiation (UVR
280-400 nm).

Solar UV radiation has been being recognized as one of environ-
mental stressors to impact on marine macroalgae (Gao and Xu, 2010). It
has been documented that UVR has negative effects on the growth,
photosynthesis, DNA synthesis, key enzymatic activities, early devel-
opmental stage and spore germination of macroalgae (see the review by
Héder et al., 2015 and references therein). Nevertheless, UV also
showed positive effects on some macroalgae, with UV-A (315-400 nm)
enhancing their growth (Henry and Van Alstyne, 2004; Xu and Gao,
2010a), photosynthesis (Xu and Gao, 2010b; Xu and Gao, 2016) and
morphogenesis (Jiang et al., 2007) and aiding to photo-repair UV-B
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induced DNA damage (Pakker et al., 2000). Additionally, UV-B (280-
315 nm) could be involved in the recovery process of photoinhibition
(Flores-Moya et al., 1999). Synthesis of UV-screening compounds, such
as mycosporine-like amino acids (MAAs), phlorotannins and some un-
known UV-B absorbing compounds, is the most efficient strategy for
macroalgae to remedy harmful UV radiation (Gao and Xu, 2010).

Gracilaria lemaneiformis (Bory) Weber-van Bosse, an economically
important red macroalga, was widely farmed in coastal waters in both
northern and southern parts of China. Previously, we found that high
levels of UV radiation decreased the growth and photosynthesis of
Gracilaria lemaneiformis, however, low to moderate levels of UV-A en-
hanced its growth (Gao and Xu, 2008; Xu and Gao, 2010a). Growth of
Gracilaria lemaneiformis could be dependent on growth depth that de-
cides the daily doses of PAR and UVR (Xu and Gao, 2008). To further
explore the roles of solar UV in regulating the growth of G. lemanei-
formis and to develop optimal sea-farming strategy, we used a flow-
through system to simulate the environmental conditions of G. lema-
neiformis in farm area and studied the effects of solar UV and depth on
the growth rate, photosynthesis and contents of UV-screening com-
pounds of this alga.
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2. Materials and methods
2.1. Plant materials

Gracilaria lemaneiformis was collected from the farming area of
Nan'ao island (117.1°E, 23.3°N), Shantou, China, and young thalli were
selected and pre-cultured in tanks with flowing-through sand-filtered
seawater before the experiments.

2.2. Experimental design

A flowing-through system was used for the experiment, which had
been used previously for the macroalgal photosynthesis measurement
(Gao and Xu, 2008). Quartz tubes (7 cm inner diameter and 40 cm long,
about 1.5 L in volume) were used for the flow-through system with a
seawater flow rate of 0.2 L min~ !. About 3 g (fresh weight) thalli (6-9
individuals with the lengthen of 20-30 cm) were fixed at stainless steel
wires without shading and placed inside the tubes. To simulate the
levels of solar radiation at different depths where Gracilaria lemanei-
formis is grown, different layers of neutral density screens were applied
to cut off the light intensities that the thalli received from 55% to 9%.
The effects of solar UV were checked by covering the quartz tubes with
different cutoff filters. Ultraphan 295 and 395 foils (UV Opak; Digefra,
Munich, Germany) were used for PAB treatment (thalli received UVR
and PAR) and P treatment (thalli received only PAR), respectively.
Every treatment has three triplications and there are 30 quartz tubes
used in the experiment. The thalli were acclimated to different treat-
ments for one week and then for the growth experiment.

2.3. Measurement of growth

The growth experiments were run for 8 days and fresh weight of the
thalli was measured every two days. The relative growth rate (RGR)
was estimated as follows: RGR = In(W,/ W)/t X 100%, where W, is
fresh weight of G. lemaneiformis after t days, Wy is the initial fresh
weight.

2.4. Photosynthesis measurement

Photosynthetic O, evolution of G. lemaneiformis was measured in
running water with a flow-through system according to Gao et al.
(2012). The measurements were carried out at noontime on sunny days,
during which neutral density screens were used to obtain the similar
levels of daytime average light intensity that the thalli of G. lemanei-
formis received during the growth periods. Other treatments were the
same as the growth experiment. The rate of photosynthetic O, evolution
(P, umol O, g FW ™~ ' h™ 1) was obtained as follows:

P=(A-B) X F x 60 x W1,

where A and B were dissolved O, concentrations in the outlet and inlet,
respectively; F, flow rate (L min~'); W is the fresh weight of thalli (g).

2.5. Determination of UV-absorbing compounds (UVACs)

About 0.1 g (fresh weight) thalli was extracted in 10 mL absolute
methanol for 24 h at 4 °C in a refrigerator. The extract was centrifuged
and then scanned from 250 nm to 750 nm with a UV spectrophotometer
(UV 530, Beckman Coulter, Fullerton, CA, USA). The concentrations of
UVACs were obtained according to Helbling et al. (2004).

2.6. Solar radiation measurements

Solar PAR and UV irradiances on the surface of seawater were
continuously monitored with an ELDONET filter radiometer (Real Time
Computer, Mohrendorf, Germany), which has three channels for pho-
tosynthetically active radiation (PAR, 400-700 nm), UV-A (UV-A,
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315-400 nm) and UV-B radiation (UV-B, 280-315 nm). The irradiances
were monitored every second and the mean over every minute was
recorded in a computer (Hader et al., 1999). Levels of solar irradiances
at different growth depths for G. lemaneiformis were simulated based on
percentage of surface light and their underwater attenuation coeffi-
cients, which was measured by a diving ELDONET (Real Time Com-
puter, Mohrendorf, Germany). Average daily solar doses in surface of
seawater during the growth experiment were 10.98 and 1.61 MJ m~ 2
for PAR and UVR, respectively. Solar PAR and UVR irradiances were up
to 500 and 85 W m ™~ 2 at the noontime, respectively.

2.7. Statistical analysis

The differences among the treatments and interaction between two
factors were tested with two-way ANOVA, and the differences between
P and PAB treatments under different light levels were tested with
multivariate of variances (MANOVA, SPSS 18.0). A confidence level of
95% was used for all analyses.

3. Result

Average solar PAR irradiance the thalli received varied from 219 to
20 Wm™ 2, which corresponded to the depths of 0-3.4m. No sig-
nificant differences of RGR were found between PAB (PAR + UVR) and
PAR treatment in the thalli grown at low light level (2.4 and 3.4 m
depths) (P > 0.05), but with the increase of light intensity, the growth
rate of G. lemaneiformis exposed to PAR only was lower than that of PAB
treatment (P < 0.05) when daytime mean solar UVR irradiance ex-
ceeded 12 W m™ % This trend was reversed at the solar UV threshold
about 18 Wm ™2 (about 1.7 m depth), and 10% and 16% decrease
(P < 0.05) for the thalli exposed to PAB condition were found com-
pared with that of PAR treatment, with the solar UV irradiance were 21
and 39 Wm™ 2 (0.8 and 0 m depth), respectively (Fig. 1). There was
significant interactive effect between depth and solar UV radiation
(P < 0.05).

The net photosynthetic rate showed similar pattern to that of the
growth rate (Fig. 2). No significant differences between PAR and PAB
treatments were found at low light intensities (P > 0.05), but PAB
induced higher net photosynthetic rate compared to PAR when solar UV
increased to exceed 15.4Wm~™2 (P < 0.05). Solar UV threshold for
the reversion of net photosynthetic rate was ~23.4 Wm™ 2, above
which it declined with significant UV-induced inhibition. There was
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Fig. 1. The relative growth rate of G. lemaneiformis grew at solar PAR or PAR + UVR
conditions as function of different simulated depths or daytime PAR irradiance. Inlet is
the change of UVR irradiance with different simulated depths. Vertical bars re-
present + standard deviation of the means (n = 3).



J. Xu et al.
Solar UV irradiance (W m?)
3572 154 237 454
120 ' i
2 —0- PAB *
g
Q= 100-
5 2. 80
go
O —
o
G E 60-
T 2
z
40 T T T T T T
0 40 80 120 160 200 240 280

Solar PAR irradiance (W m?)

Fig. 2. Net photosynthetic rates of G. lemaneiformis as function of solar PAR and PAR
+ UVR. Vertical bars represent + standard deviation of the means (n = 3).

significant interactive effect between depth and solar UV radiation
(P < 0.05).

The contents of UV-absorbing compounds (UVACs) were sig-
nificantly affected by daily solar dose (Fig. 3). The content of UVACs in
G. lemaneiformis cultured at PAR only condition didn't significantly
(P > 0.05) increase when solar PAR doses increased from 1 to
3.3MJ m~ 2, but it increased (P < 0.05) by 51% and 218% when the
daily PAR doses increased to 6 and 11 MJ m~ 2, respectively. For the
thalli exposed to PAB treatment, there was a clear linear relationship
between the content of UVACs and daily solar dose that G. lemaneiformis
received (r? = 0.96, P = 0.0018), which showed 3 times higher con-
tents of UVACs when the daily solar dose increased from 3.4 to 0 m
(P < 0.05). There was no significant difference between PAR and PAB
treatments at the depth of 3.4m (P > 0.05), but solar UVR sig-
nificantly increased the contents of UVACs at shallower depths
(P < 0.05).

4. Discussion

In the present study high solar UV had a significant inhibition effect
on the growth of G. lemaneiformis, but this negative effect was reversed
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Fig. 3. The contents of UV-absorbing compounds (UVACs) grew at solar PAR or PAR
+ UVR conditions as function of different simulated depths or daily PAR dose. Vertical
bars represent + standard deviation of the means (n = 3).
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with the increase of water depth. Although solar UV irradiances,
especially UV-B, usually negatively impact growth of many macroalgae
(Héder et al., 2015), moderate levels of UV-A can stimulate the growth
of G. lemaneiformis (Xu and Gao, 2010a) and a brown macroalga Fucus
gardneri (Henry and Van Alstyne, 2004). The intensity of UV radiation
decreases with depth of water columns due to the absorbing and scat-
tering properties of seawater (Wozniak and Dera, 2007). In the present
work, UVR significantly enhanced the growth of G. lemaneiformis at the
depth of 1.7 m, being optimal for its growth and deeper than PAR alone
treatment, which was ~0.8 m. That is, growth-saturated level of solar
radiation was about 120 W m ™ 2 for PAR only (Fig. 1) and it dropped to
66 W m~ 2 in the presence of UVR. Such a difference could be attributed
to the fact that UVR can play double edged effects on photosynthesis
(Gao et al., 2007; Xu and Gao, 2010b). In the present study, without
considering the depth-dependent performance, there was no significant
difference for maximal growth rate between the two radiation treat-
ments with or without UVR. In another word, the enhancement of
growth rate by solar UV radiation at depth 1.7 m made up the growth
difference between the thalli grown at this depth and 0.8 m. Excessive
levels of solar PAR did not result in a significant decrease of growth rate
for G. lemaneiformis, but higher solar UV radiation significantly in-
hibited it especially when the alga was grown at the surface of sea-
water. While energy of solar UV-A appears to be capable of driving or
enhancing photosynthesis of G. lemaneiformis (Xu and Gao, 2010b; Xu
and Gao, 2016), UV-B damages the photosystems especially in the
present of visible light (Hader et al., 2015). However, since UV-B is
attenuated faster than UV-A, at the optimal depth for growth, the alga
could benefit more from UV-A and be less harmed by UV-B.

In macroalgae, synthesizing UV-absorbing compounds (UVACs)
(Héder, 1997; Sinha et al., 2000; Carreto and Carignan, 2011;
Hartmann et al., 2016) has been considered as the key strategy to cope
with UVR. In G. lemaneiformis, the highest concentration of UVACs was
observed in the thalli exposed to the highest UV radiation. Similar re-
sults were also reported in red macroalgae Chondrus crispus (Karsten
et al.,, 1998), Pyropia columbina (Navarro et al., 2014) and a green
macroalga Ulva pertusa (Han and Han, 2005). It has been shown that
lower UVACs contents in another Gracilaria specie (Gracilaria chilensis)
make it more susceptible to solar UV radiation (Gémez et al., 2005). In
this work, we found that G. lemaneiformis can effectively protect the
thalli against solar UV radiation by efficiently synthesize UVACs under
high levels of solar radiation.

In sea-farming areas, G. lemaneiformis grew very well at the mod-
erate depth, but its growth rate was significantly reduced when the
thalli grown at the surface of seawater (Xu and Gao, 2008). This phe-
nomenon could be attributed to the inhibitory effect of UVR in shallow
seawater based on the findings of this study, though it accumulated
higher contents of UVACs. To optimize primary production of macro-
algae, such as Gracilaria plants, depth-dependent strategy should be
considered in different locales.
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