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Abstract

The minor variant of the economically important cyanobacterium, Arthrospira platensis, usually appears in commercial production ponds under
solar radiation. However, how sensitive the minor variant to solar UVR and whether its occurrence relates to the solar exposures are not known. We
investigated the photochemical efficiency of PSII and growth rate of D-0083 strain and its minor variant in semi-continuous cultures under PAR
(400-700 nm) alone, PAR + UV-A (320-400 nm) and PAR + UV-A + UV-B (280-700 nm) of solar radiation. The effective quantum yield of D-0083
at 14:00 p.m. decreased by about 86% under PAR, 87% under PAR + UV-A and 92% under PAR + UV-A + UV-B (280-315 nm), respectively. That
of the minor variant was reduced by 93% under PAR and to undetectable values in the presence of UV-A or UV-A + UV-B. Diurnal change of the
yield showed constant pattern during long-term (10 days) exposures, high in the early morning and late afternoon but the lowest at noontime in
both strains, with the UVR-related inhibition being always higher in the variant than D-0083. During the long-term exposures, cells of D-0083
acclimated faster to solar UV radiation and showed paralleled growth rates among the treatments with or without UVR at the end of the experiment;
however, growth of the minor variant was significantly reduced by UV-A and UV-B throughout the period. Comparing to the major strain D-0083,

the minor variant was more sensitive to UVR in terms of its growth, quantum yield and acclimation to solar radiation.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Arthrospira spp. are photoautotrophic filamentous cyanobac-
teria which have been widely exploited as a source of human
health food (Ciferri, 1983; Mosulishvili et al., 2002), animal
feed (Lu et al., 2002) and cosmetic colorants (Vonshak, 1990).
Optimizations of its growing conditions for massive production
have been focused on the improvement of production efficiency
and the reduction of costs (Jensen and Knutsen, 1993; Torzillo
et al., 1998; Wu et al., 2005a; Ma et al., 2006). Its productivity
in commercially operated ponds depends on a number of envi-
ronmental parameters. Light is the most important factor that
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governs its photosynthesis and growth (Vonshak, 1997). Photo-
synthetic characteristics of A. platensis are usually dependent
on growth conditions, with the cells grown under higher lev-
els of PAR being less susceptible to photoinhibition (Vonshak
et al., 1983); those grown at suboptimal temperature were more
sensitive to photoinhibition than those grown at the optimal tem-
perature (Jensen and Knutsen, 1993). A relatively low morning
temperature with rapid increase in light intensity could induce
photoinhibitory stress, and heating the cultures significantly
reduced the inhibitory effect (Vonshak et al., 1994).

Solar UV radiation (UVR, 280—400 nm) is an important envi-
ronmental factor that affects Arthrospira in natural environment
as well as in outdoor commercial production ponds. It was found
recently that the spiral structure of A. platensis filament was bro-
ken under solar radiation (PAR + UVR) on sunny days (Wu et
al., 2005b), and its photosynthetic performance was negatively
affected by UVR (Rajagopal et al., 2000; Wu et al., 2005b).
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Abnormal morphologies, such as Arthrospira minor (i.e.
minor variant, with the trichome length and helix diameter are
much less than the normal filaments) and even linear strains
occurred in laboratory and commercial cultures (Jeeji Bai, 1985;
Wang and Zhao, 2005). Minor variant of A. platensis D-0083
has been found in the production ponds, though only the nor-
mal length strain was inoculated at the initiation of production.
Minor variants of Arthrospira spp. are notorious for reducing
efficiency of harvest and production (Vonshak and Richmond,
1988; Belay, 1997). The spiral structure of A. platensis has been
previously found to be broken and altered by solar UVR (Wu et
al., 2005b). However, how sensitive the minor variant is to solar
UVR and whether its occurrence relates to the solar exposures
and the consequent spiral breakage are not known. In addition,
little has been documented about the biological characteristics
of the minor variant. The aim of the present work was to assess
the sensitivity of A. platensis and its minor variant to solar UVR
and to characterize their physiological behavior under outdoor
conditions.

2. Materials and methods
2.1. Organisms

A. platensis D-0083, 280 wm (£30, n=100) long with com-
pressed spirals, was obtained from Hainan DIC microalgae Co.
Ltd., Hainan, China. The minor variant (72 £ 7 pm, n=100),
about 1/4 length of D-0083 with shorter helix and width, was
isolated from A. platensis D-0083 production ponds in April,
2003, and its clonal culture was maintained indoor since then.
Both strains were cultured under indoor conditions with aer-
ated Zarrouk’s medium at 30 °C and 100 pmol photons m =2 s~!
of cool-white fluorescent light (14L:10D) and sustained stable

morphological features before the experiments.
2.2. Culture conditions

In order to eliminate the effects of nutrition limitation
and self-shading, semi-continuous cultures (Zarrouk’s medium,
optical cell density at 560 nm is 0.3) were adopted in our exper-
iments. The culture media were partially renewed (30-70%
according to the actual optical cell density) every other day
to maintain a constant biomass density (0.33g dry wtL~!)
after dilution. Quartz tubes (& 4 cm, 40 cm long) were used for
outdoor cultures to allow full spectrum of solar radiation to pen-
etrate. The cultures were aerated (0.4 L min~!) with ambient
air and maintained in a flow-through water bath for tempera-
ture control within a range of 24-28 °C during the experimental
period from 29 October to 7 November 2004.

2.3. Solar radiation measurements and treatments

Incident solar UV-B (280-315nm), UV-A (315400 nm)
and PAR (400-700 nm) radiations were continuously moni-
tored using a broadband filter radiometer (Eldonet, Real Time
Computer Inc., Germany) permanently installed on the roof at
Shantou University (116.6°E, 23.3°N). The reliability of this

instrument has been internationally recognized (Héder et al.,
1999; Korbee-Peinado et al., 2004), and certificated with the cor-
respondence error less than 0.5% in comparison with the most
accurate instrument (certificate No. 2006/BB14/1). Three differ-
ent radiation treatments were implemented: (1) cells receiving
full solar radiation (PAB treatment; 295—700 nm)—quartz tubes
covered with Ultraphan 295 (Ultraphan, Digefra, Munich, Ger-
many); (2) cells receiving UV-A and PAR (PA treatment;
320-700 nm)—quartz tubes covered with Folex 320 (Mon-
tagefolie, No. 10155099, Folex, Dreieich, Germany); (3) cells
receiving only PAR (P treatment; 400—700 nm)—quartz tubes
covered with Ultraphan film 395 (UV Opak, Digefra, Munich,
Germany). There was a 5nm difference between the mea-
sured and exposed UV-A irradiance, which gives about 2%
higher percent of UV-A than that the cells were actually
exposed to. The cut-off foils reflected about 4% of the solar
PAR under water (Gao et al., 2007a), however, such a reflec-
tion was identical for the foils used in the PAB, PA and P
treatments, therefore, it cannot affect the comparison among
them.

2.4. Determination of biomass density and specific growth
rate

Biomass density of the culture was measured by filtering
30 mL of the cultures on a pre-dried Whatman GF/F glass fiber
filter (diameter 25 mm), drying in an oven at 80 °C for 24 h, and
cooling off in a desiccator, weighing on an electronic balance and
subtracting the known weight of the dried filter. While the sample
was being filtered it was washed with 20 mL acidified distilled
water (pH 4) in order to remove residual salts. Specific growth
rate (., day) was calculated as p =(Inx, — Inx)/At, where x|
and x, represent the initial biomass density and that after Az
time, At is the time interval (2 days) between two dilutions.

2.5. Light-adapted fluorescence measurement

Effective quantum yield (AF/F),), representative of the
apparent photochemical efficiency of PSII (Schreiber et al.,
1995; Aguirre-von-Wobeser et al., 2000), was monitored with
a portable pulse amplitude modulated fluorometer (WATER-
ED, Walz, Effeltrich, Germany) for the two strains while being
exposed to different solar radiation treatments. AF (variable flu-
orescence for light-adapted state) was defined as F, — F/, F/
and F], were the current steady-state and maximal fluorescence
for the light-adapted samples. A decline in AF/F), values as a
result of elevated irradiance or UV radiation were considered as
a photoinhibition of PSII (Kolber and Falkowski, 1993).

2.6. UV-absorbance spectrum and photosynthetic pigments
contents

UV-absorbance spectrum, Chl a and carotenoids contents
were determined by filtering (Whatman GF/C, 25 mm) 10 mL
culture, resuspending in 10 mL absolute methanol overnight,
centrifuging at 5000 x g for 5 min and measuring the absorption
spectrum with a scanning spectrophotometer (DU-530, Beck-
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man, USA). Chl a concentration was calculated according to
Porra (2002), and the concentration of carotenoids was deter-
mined using the equation of Parsons and Strickland (1963).

2.7. Assessment of inhibition on growth and effective
quantum yield

Inhibition induced by UVR was estimated as follows:
(Pp — PpaB)/Pp x 100%, where Pp and Ppap represent the spe-
cific growth rates or the quantum yields of the samples treated
with solar radiation screened off UVR (Pp) or with UVR (PpaB),
respectively.

2.8. Statistical analysis

All data were obtained from at least three replicates. The vari-
ance was analyzed and statistical significance was established
with Tukey test at 0.05 level using SPSS for Windows (SPSS
12.0, USA).

3. Results

When A. platensis D-0083 and the minor variant were
exposed to solar radiation, during the short-term (from 8:00
to 16:00, 29 October 2004) experiments, the effective quan-
tum yield decreased straightly under PAR alone treatment from
the morning to early afternoon (14:00) for both strains (Fig. 1).
Solar PAR alone decreased the yield to the lowest level at 14:00
respectively by 86% in D-0083 and by 93% in the minor vari-
ant compared to their initial values. Presence of UV-A as well
as UV-B caused further reduction of the yield by 1% (UV-A)
and by 5% (UV-B) in D-0083 and to an undetectable level
in the minor variant at 14:00. Existence of UV-B (PAR +UV-
A + UV-B)resulted in significant reduction (p < 0.01) in the yield
compared to PAR + UV-A or PAR alone at all the times of the
measurement except at 16:00 in D-0083. In the late afternoon at
16:00, the yield recovered for both strain under all the treatments.
At this point, UV-A still resulted in significantly (p <0.01) lower
yield, while presence of UV-B did not result in further reduction
in D-0083 (Fig. 1A). In contrast, both UV-A and UV-B resulted
insignificant (p <0.01) reduction of the yield in the minor variant
even in the late afternoon (Fig. 1B).

We carried on the outdoor cultures for a long-term period
of 10 days (29 October—7 November 2004) to see the strains’
acclimation to solar radiation (Fig. 2). Over such a period, the
effective quantum yield in both strains was higher in the morn-
ing and afternoon and the lowest at noontime, following the
irradiation regime. Regardless of diurnal fluctuation, the effec-
tive quantum yield increased with extended exposures to solar
radiation. Under full spectrum, 6 days later, the yield increased
to 77% and 48% (8:00), 33% and 25% (12:00), and 68% and
59% (16:00) of the initial values for the major and the minor
strain, respectively. Filtering out of the UV-B or UV-A + UV-B
resulted in higher yields than those under the PAB treatments,
which was more obvious during the initial phase, and much more
pronounced in the minor strain (Fig. 2). UVR-induced inhibition
was lower in the morning and late afternoon and higher during
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Fig. 1. Changes in the effective quantum yield (AF/Fy,) of Arthrospira platensis
D-0083 (A) and the minor variant (B) under PAB, PA and P treatments during
the daytime on 29 October 2004. The black bar represents the value of cells
before the exposure to solar radiation. Mean & S.D. (n=3). Horizontal lines at
different heights indicate significant difference (p <0.05).

the noontime throughout the period of exposure. It decreased
in both strains, irrespective of the time of the day with pro-
longed exposure, reflecting an acclimation to the solar UVR
(Fig. 3).

The specific growth rate increased while the cells acclimated
from indoor light to outdoor solar radiation, while UVR-induced
inhibition declined with time (Fig. 4). Specific growth rate of D-
0083 decreased about 38%, 50% and 58% (compared to the
maximal growth rate indoors) in 2 days since the cells were
exposed to PAR, PAR + UV-A and PAR + UV-A + UV-B, respec-
tively, and then increased with prolonged exposure. In D-0083,
at the end of long-term cultures, no difference (p >0.05) in the
growth rate was observed under the three treatments (Fig. 4A);
moreover, there was no significant difference (p > 0.05) between
P and PA treatments throughout the experimental period. In
the minor variant, exposures with UV-A and UV-B resulted in
significant (p <0.01) reduction of growth rate throughout the
experimental period.
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Fig. 2. Diurnal changes in the effective quantum yield (AF/F},) of A. platensis
D-0083 (A, C, E) and the minor variant (B, D, F) under PAB, PA and P treatments
over a long-term period from 29 October to 7 November 2004. Bar represents the
initial value before they were exposed to the different solar radiation treatments.
Water temperature ranged from 24 to 28 °C during this period. Corresponding
solar irradiance is shown in Fig. 4C. Mean & S.D. (n=3). Letter ‘a’ or ‘b’ denotes
insignificant difference between P and PAB treatments or PA and PAB treatments
at p =0.05 level, respectively.

Relative inhibition of growth due to UVR decreased (Fig. 5)
as that of the effective quantum yield with prolonged exposure
time, reflecting a consistency of PSII efficiency with growth
during the acclimation. The highest inhibition of growth caused
by UVR was 39% in D-0083 and 96% in the minor strain
(Fig. 5), respectively. Such UVR-related inhibition of growth
also decreased with time, to 5% in the major and 22% in the
minor variant 10 days later, respectively, indicating more dam-
age caused by UVR to the minor variant. The inhibition caused
by UV-A was higher than by UV-B during the initial phase of
the acclimation, but such difference decreased with time.

Few UV-absorbing compounds (absorbance between 310 and
360 nm) were found in the cells of the major and the minor
strains even when exposed to full spectrum of solar irradiance
(Fig. 6A and B). Chl a contents decreased with time during
exposure to solar radiation (Fig. 6C and D), being much less
under UVR +PAR than PAR alone. Contents of carotenoids in
the major strain were persistent with relatively stable values
except for the days 4th and 6th when they increased (Fig. 6E).
In the minor variant, in contrast, the carotenoids increased under
full spectrum of solar radiation but decreased under PAR alone
(Fig. 6F). The ratio of carotenoids to Chl a increased with expo-
sure time under both PAR and full spectrum of solar radiation
(Fig. 6H and I) with a significant (p <0.01) difference between
P and PAB treatments in both strains.
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Fig. 3. UVR-induced inhibition of the effective quantum yield in A.
platensis D-0083 and the minor variant. The inhibition was calculated as
(Pp — PpaB) x 100%/Pp, Pp and Ppap present the photochemical activities of
the samples treated with solar radiation screened off UVR (Pp) and with UVR
(PpaB)- Mean £ S.D. (n=3). The symbol (*) indicates that UVR-induced inhi-
bition on the minor variant’s yield are significantly different from that of D-0083
at p=0.05 level.

4. Discussion

Previously, solar UVR was found to reduce photosynthetic O»
evolution of A. platensis D-0083 (Wu et al., 2005b) under similar
conditions as in the present study. Here, we demonstrated that
presence of UV-A and UV-B resulted in significant inhibition of
the effective quantum yield and growth of this species, though
high levels of PAR caused most of the inhibition. The inhibition
caused by high levels of PAR and UVR was more pronounced
in the minor variant.

UVR inhibits photosynthesis of cyanobacteria (Sinha et al.,
1995; Kumar et al., 1996; Han et al., 2003; Wu et al., 2005b)
and other photosynthetic organisms (Héder et al., 2001; Gao et
al., 2007b). High levels of UV-B may reduce phycobilisomes-
related fluorescence and PSII activity in Arthrospira (Rajagopal
etal., 2000, 2005). Damage to D1 protein is known to be respon-
sible for the inhibited activity of PSII (Sass et al., 1997). In
the present study, faster reduction of the photosynthetic quan-
tum yield in the minor strain reflects more damages to the key
proteins compared to the major one.



K. Gao, Z. Ma / Environmental and Experimental Botany 63 (2008) 123—129 127

Specific growth rate (d'1)

=
2
(1]
1
5
2
T
)
8
=
Q
7]
[= X
7
10
10 - —n—PAR
(&) —e—UVA
—n —o— UVB*100
— i ~ | ]
o 4 - ./ N
£ \.\./ l\./l
- 6
£
2 4
@ 4
o] O—0O—_ o
o —
3 ~0—0—°"  T0—0—0
e 009 oo %0 oo
0 4 T X T " T E T L T
0 2 4 6 8 10

Time (day)

Fig. 4. Specific growth rate of A. platensis D-0083 (A) and the minor variant
(B) under PAB, PA and P treatments during the long-term outdoor cultures, and
the daily doses (C) during the exposure period of 29 October—7 November 2004.
The dash lines represent the maximum specific growth rate in semi-continuous
cultures under indoor conditions (PAR: 250 pmol m2s71,25 °C).Mean + S.D.
(n=3). Letter ‘a’ or ‘b’ denotes insignificant difference between P and PAB
treatments or PA and PAB treatments at p =0.05 level, respectively.

The UV-absorbing compounds (UVAC), such as myco-
sporine-like amino acids (MAAs) and scytonemin, are known
to play significant roles to screen off UVR (Garcia-Pichel and
Castenholz, 1993; Brenowitz and Castenholz, 1997; Dillon et al.,
2003). The amount of UVAC in D-0083 and its minor variant
was negligible and not induced by exposures to UVR, suggest-
ing that synthesis of UVAC was not a functional mechanism for
A. platensis to protect cells from UV radiation damage. Gas vac-
uoles in the cells (Rajagopal et al., 2005) and tightened spiral
structure (Wu et al., 2005b) were suggested to play protective
roles against UVR in Arthrospira spp. via scattering or shading
effects. The size of the minor variant was only about 1/4 of the
major, therefore, cells of the minor variant were more prone to
be harmed by high levels of PAR and UVR in view of the self-
shading effects of each individual filament. Bigger cells tend to
be more resistant to UVR than smaller ones in terms of DNA
damage (Karent et al., 1991; Boelen et al., 2002). Bigger spirals
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Fig. 5. UVR-induced inhibition of specific growth rate in A. platen-
sis D-0083 and the minor variant. The inhibition was calculated as
(Gp — Gpap) x 100%/Gp, Gp and Gpap present the specific growth rate of the
samples treated with solar radiation screened off UVR (Gp) and with UVR
(GpaB). The difference between the two strains was significant for all the days
when their growth rate was measured. Mean & S.D. (n=3).

of Arthrospira spp. could provide more shading for protection
against UVR.

In the present study, contents of carotenoids increased with
time while the cells acclimated to solar radiations. Carotenoids
can function as a protective agents quenching highly reactive
singlet oxygen and dissipating excess excitation energy as heat
under high irradiance (Nonnengiesser et al., 1996). They were
also found to be effective in protecting the photosynthetic appa-
ratus against UV-B (Rakhimberdieva et al., 2004). Our results
indicate a protective role by carotenoids in A. platensis D-0083
and its minor variant grown under high PAR and UVR. In the
cultures under high PAR, the ratio of carotenoids to Chl a con-
centration increased due to the loss of Chl a in both D-0083 and
the minor strain. While in the cultures exposed to UVR +PAR,
there was an increase (days 4 and 6) in carotenoids concentra-
tion in D-0083, the observed increase in the ratio on other days
was due to the loss of Chl a. In the minor variant, the increased
ratio was due to both the increase of carotenoids and loss of Chl
a. The cellular levels of carotenoids in the minor variant were
inadequate to prevent the photo-oxidation of Chl a by the levels
of UVR encountered during the period, which was reflected in
the subsequent slow recovery at reduced levels of solar radiation.

Spiral structures of Arthrospira spp. can alter according to
environmental changes. Miihling et al. (2003) found that the
helix orientation could be reversed by temperature changes.
Wang and Zhao (2005) proved that the morphogenesis of
Arthrospira filaments from spiral to linear was due to DNA
mutation. Wu et al. (2005b) found that UVR broke the spiral
structure and suggested that, over long-time scales (i.e. decades),
adaptation to solar UVR could bring about changes in the spiral
structure from a rather loose to a very compressed helix. The
morphology of the minor variant has been consistent with the
same configuration under our laboratory conditions (PAR alone
of 100 wmol m~—2 s~ 1) for more than 500 generations, reflecting
a heritable feature. The broken spirals caused by solar UVR,
as reported previously (Wu et al., 2005b), might be responsible
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for the occurrence of the minor variant that gained the herita-
ble (non-reversible under indoor low PAR) morphology over
decades of outdoor production with mutated DNA. Therefore,
solar UVR can be considered responsible for the minor vari-
ant’s appearance in the commercial ponds due to its sensitivity
to UVR damage. The minor variant of Arthrospira spp. has been
considered as a challenge (Vonshak and Richmond, 1988) due
to the difficulty for its harvest and negative effects on the quality
control. On the other hand, the flotation activity of the minor
variant was much lower than the major strain (data not shown),
so the minor variant tends to be less capable of floating up to
the culture surface with its own buoyancy, which decreases its
feasibility to face strong solar radiation. Duration of exposures
of Arthrospira cells to high levels of solar radiation would affect
occurrence of the minor variant.
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