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The role of light intensity on growth and the production
of the hepatotoxin cylindrospermopsin (CYN) in the
cyanobacterial harmful algal bloom species Cylindro-
spermopsis raciborskii was investigated using cultured
isolates grown in N-free media under a series of neutral
density screens. Maximum growth as indicated by
chlorophyll a concentrations was measured at 75umol
photons m-2 s-', whereas maximum intracellular and
extracellular CYN concentrations occurred in cultures
grown under the highest light intensity (140umol
photons m=2 s™'). During exponential growth phase, N-
limited C. raciborskii cultures grown under light intensi-

ties of 18—-75umol photons m-2s-' exhibited a strong
linear relationship between light intensity and both
intracellular and extracellular CYN concentrations.
Extracellular CYN concentrations increased signifi-
cantly as the culture moved from log to stationary
growth phase. These results indicate that the highest
intracellular toxin concentrations in the field are likely to
occur in C. raciborskii populations that have been
actively growing at light intensities of 75-150umol
photons m2 s-' for more than two weeks, and that peak
soluble toxin levels will be found at the end of a bloom.
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Introduction

Cylindrospermopsis raciborskii is a filamentous cyanobacte-
rial harmful algal bloom (cyanoHAB) species that is becom-
ing increasingly prevalent in lakes, reservoirs and other
potential drinking and recreational water supplies worldwide.
Some C. raciborskii strains can produce the hepatotoxin
cylindrospermopsin (CYN) and/or the neurotoxins anatoxin-
a and saxitoxin, resulting in detrimental health effects in both
humans and animals (Hawkins et al. 1985). The mere pres-
ence of a C. raciborskii bloom, however, does not necessar-
ily imply a health hazard because cyanobacterial blooms
vary greatly in their ability to produce toxins. It is not known
if these differences are the result of specific environmental
factors that induce toxin production, an alteration in bloom
composition between genetically toxic and non-toxic strains,
or some combination of the two.

Certain strains of C. raciborskii lack the genetic machi-
nery necessary for toxin production and therefore are inca-
pable of producing toxin (JD, unpublished data). This
means the toxicity of a C. raciborskii bloom in the field must
be influenced by the relative proportion of toxic and non-
toxic strains. Environmental factors, such as nitrogen (N)
availability and temperature, have also been shown to regu-
late toxin production in genetically capable strains. CYN
production, for example, was two times greater in C. raci-
borskii cultures grown in N-free media than in those grow with
NH, (Saker and Neilan 2001). Maximum CYN production was

also found to occur at 20°C (Saker and Griffiths 2000),
whereas maximum growth rates occurred between 29°C
and 35°C (Briand et al. 2004). These data would indicate
that, at least with respect to temperature effects, there is no
direct linear relationship between growth and toxin produc-
tion, as has been reported for some other cyanoHAB
species (Sivonen 1996, Orr and Jones 1998).

Light intensity represents another potential environmen-
tally important regulator of growth and toxin production,
which has yet to be fully investigated in C. raciborskii. C.
raciborskii has been hypothesised to be a low-light adapted
species. Briand et al. (2004) measured growth rates in 10
strains of C. raciborskii under different light intensities and
found positive growth rates over a wide range of light inten-
sities (30—400umol photons m=2 s-1), with maximum growth
rates at 80pmol photons m=2 s-'. Another study showed the
maximum growth rates in a Lake Balaton strain to be under
120pmol photons m—2 s~' (Padisak 1997). The |, values (the
light intensity approximating the onset of light saturation) for
each of these strains were around 20umol photons m=2s-,
which is similar to other low-light adapted species like
Planktothrix agardhii and Phormidium luridum (Padisak
1997, Litchman 2000). In some cyanobacterial genera, the
light intensities in which growth rates were optimum were
also those in which intracellular toxin concentrations were
the highest (Rapala et al. 1993), whereas for other genera,
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Table 1: Percentage light attenuation and total light exposure received by C. raciborskii culture SDS under different layers of neutral density
screening and cylindrospermopsin (CYN) production rates over the course of the 16-day experiment in the intracellular and extracellular fractions

Light exposure

CYN production rate (ug CYN I-' day-")

Number of screens Light attenuation (%) (umol photons m=2 s-") Intracellular Extracellular
0 100 139.4 192.0 9.8
1 54 75.3 169.3 8.9
2 38 53.0 78.8 4.2
3 25 34.9 27.3 -0.02
6 13 18.1 0 -0.3

maximum cyanotoxin production was at irradiances greater
(Watanabe and Oishi 1985) or lower (Sivonen 1990) than
those required for maximum growth. Clearly, the effect of
light on toxin production is species-specific. Therefore, this
study was undertaken to determine how light intensity regu-
lates CYN production in C. raciborskii.

Material and Methods

The C. raciborskii cultures used in these experiments were
originally isolated from Solomon Dam, Queensland,
Australia (by M Saker, Centro de Investigacdo Marinha e
Ambiental, Portugal) and have consistently produced the
hepatotoxin cylindrospermopsin in culture. Strain SDS has
a straight-filament morphology and strain SDC had a coiled
form when first isolated, but transformed into a straight form
during the course of culturing. These cultures were main-
tained in N-free Z8 media (Kotai 1972) in a constant
temperature incubator set at 25°C. Illumination was
provided by two Philips F20T12 cool white bulbs (20W
each) in a 15:9h light: dark cycle and light intensities were
measured using a 4n light sensor (Biospherical
Instruments, QSL-100, San Diego, California, USA).

For the first experiment, light intensity was altered using
different numbers of layers of neutral density screening and
placement position in the incubator to give a range of light
exposures from 18-140umol photons m~=2 s-' (Table 1).
There were two replicate 300ml flasks for each of the five
light intensities, each consisting of 175ml of Z8 media inoc-
ulated with 1ml of SDS C. raciborskii culture in early log
phase. These temperature and light regimes reflect those
that would be expected in places where C. raciborskii is
found in the natural environment. Samples were collected
every 48 hours over a 16-day period for chlorophyll a (Chl
a) and CYN analysis. In a second experiment, both C. raci-
borskii cultures SDS and SDC were incubated under
140pumol photons m~2 s-' for 30 days to determine the
concentrations of CYN in the extracellular fraction over the
course of logarithmic and stationary growth phases. In this
experiment, samples were collected at 3 days, 18 days and
30 days for CYN analysis.

Relative fluorescence was used as a proxy for Chl a
(Briand et al. 2004). Calibration of fluorescence data
against Chl a concentrations was established by comparing
fluorescence readings using a fluorometer (Turner Designs,
10-000R, Sunnyvale, California) against extracted chloro-
phyll a (90% acetone extraction according to Parsons et al.
1984). Intra- and extracellular CYN concentrations were

measured by high-performance liquid chromatography
(HPLC) using an Alltima C18, 5uym column (Alltech,
Deerfield, Illinois, USA). Cells were concentrated on a
0.6um filter and frozen at —20°C until toxin extraction. To
extract the intracellular CYN, cells were sonicated in 100%
methanol containing 0.5M acetic acid and then concen-
trated on an Oasis HLB reversed-phase SPE column
(Waters, Milford, Massachusetts, USA). Both the load and
30% methanol elution fractions were analysed for CYN.
Extracellular CYN in the cell free media (<0.6um) was
concentrated onto Waters HLB columns and both the load
and 30% methanol elution fraction were analysed for CYN.
Concentrations of CYN were calculated based on a cylin-
drospermopsin standard curve (standard kindly provided by
W Carmichael, Wright State University, USA). Statistical
analysis of the response of CYN concentration to light
intensity was performed using a one-way analysis of vari-
ance (ANOVA), with a post hoc analysis using a Tukey
multiple comparison of means, once the data were shown
to satisfy the normality assumption (SAS software, Version
8.2, Copyright 2001, SAS Institute Inc., Cary, North
Carolina, USA).

Results and Discussion
Growth

Chlorophyll a values were calculated from fluorescence
readings based on a calibration curve generated by meas-
uring 10 samples over a range of cell densities by both
methods (r? = 0.94). Increases in Chl a were highest at
75umol photons m=2 s, closely followed by cultures grown
at 140umol photons m=2 s=' and 53umol photons m-2 s-' for
C. raciborskii strain SDS (Figure 1). Growth was slower in
cultures maintained at 35umol photons m=2 s=' and there
was no net increase in Chl a at 18umol photons m=2 s-'
over the course of the 16-day experiment (Figure 1). Thus,
light intensities of 18uymol photons m=2 s=' and less were
insufficient to support growth. In other studies, maximum
growth rates were achieved at light intensities ranging from
50umol photons m=2 s~ to 100umol photons m=2 s~ (Briand
et al. 2004). In natural settings, light attenuation with depth
is dependent upon factors such as the amount of dissolved
humics and other suspended particulates in the water
column. Irradiance values ranging from 15umol photons
m-2 s~ to 200umol photons m-2 s=' are typical of depths at
which C. raciborskii is abundant (Havens et al. 1998, Bouvy
et al. 1999).
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Figure 1: Chlorophyll a concentrations over the course of 16 days
in C. raciborskii culture SDS grown under a range of light intensi-
ties. Error bars denote +1SD

Toxin production

Intracellular CYN concentrations were normalised to Chl
a to account for variability in number of cells between
light treatments. Even accounting for the increased Chl a,
there was an increase in both intra- and extracellular
CYN concentrations over the course of the 16-day experi-
ment in all but the lowest light intensity treatment. Rates
of CYN production (ug CYN I-' day-', Table 1) and total
CYN concentration (ug CYN ug Chl a', Figure 2) were
highest at the highest light intensities for both the intra-
cellular and extracellular fractions and decreased with
decreasing light intensity. Data are presented for CYN
concentrations in C. raciborskii strain SDS on Day 8 and
Day 16 (Figure 2). Intracellular CYN concentrations at
Day 16 were significantly higher (p < 0.05) than those at
Day 8 for all light intensities except 18umol photons m-2
s~'. At the end of 16 days, intracellular CYN concentra-
tions normalised to Chl a were 1.39 + 0.08ug CYN ug Chl
a~' under 140umol photons m-2 s-' and decreased to
undetectable concentrations in cultures grown under the
lowest light intensity of 18umol photons m-2 s-'. Whereas
intracellular CYN concentrations between the 140umol
photons m=2 s=' and 75umol photons m-2 s=! treatments
were not significantly different, CYN concentrations were
significantly lower (p < 0.05) at each subsequently lower
light intensity. Extracellular CYN concentrations followed
the same pattern. After 16 days, extracellular CYN
concentrations in cultures grown under the highest light
intensity were 140 + 14pg I, dropping to 6.9 + 2pg I-' at
18umol photons m=2 s-'. The extracellular CYN concen-
trations were not significantly different between the two
highest light intensities (140pmol photons m=2 s~' and
75umol photons m-2 s=') on Day 8 or Day 16, but did
decrease in lower light intensity treatments, particularly at
Day 16 (Figure 2b). At the four lowest light intensities,
there was a strong linear relationship between light inten-
sity and both intracellular and extracellular CYN concen-
trations (r? = 0.983 and 0.996 respectively). Whereas C.
raciborskii cultures grown under the highest light intensity
(140umol photons m-2 s~') still produced the highest CYN
concentrations, it was less than what would be predicted
from a linear relationship.
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Figure 2: Cylindrospermopsin (CYN) concentrations in the (a)
intracellular and (b) extracellular fractions of C. raciborskii cultures
grown under a range of light intensities. Data are shown for Day 8
and Day 16. Bars are the mean of two replicates, error bars denote
+1SD, and the upper case (for Day 8) or lower case (for Day 16)
letters group the means according to a Tukey post hoc comparison

The preliminary data presented here suggests that CYN
concentrations in N-limited C. raciborskii cultures are
proportional to light intensity ranging from 18umol photons
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Figure 3: Extracellular cylindrospermopsin (CYN) concentrations
(ug I") in two strains (SDC and SDS) of C. raciborskii at 3 days,
18 days and 30 days after inoculation

m-2 s~ to 75umol photons m=2 s-'. In the strain SDS, the
highest CYN concentrations were measured in the cultures
maintained at the highest light intensities (140umol photons
m-2 s7'), but growth as measured by Chl a concentration
was highest under lower light intensities (75umol photons
m-2 s~' and 53umol photons m-2 s='). These data are
consistent with the hypothesis that light regulation of CYN
concentrations is not strictly a function of the effect of light
on growth rate. However, additional experiments are
needed to test whether this same pattern of response to
light intensity is observed in other toxic strains.

Extracellular CYN concentrations were also measured in
C. raciborskii strains SDS and SDC over a 30-day period to
identify how the age of the culture affects the amount of CYN
released into the media either through cell lysis or leakage of
toxin through the cell membrane. Extracellular CYN
remained relatively low while the culture was in logarithmic
growth phase, but by 30 days the cells had progressed into
stationary growth phase and the CYN concentration had
increased significantly (Figure 3). Other studies also
observed an increase in CYN per unit biomass as C. raci-
borskii cultures moved into stationary phase of growth and a
concurrent increase in extracellular CYN from 15-20% of the
total CYN to 50% (Saker and Griffiths 2000, Hawkins et al.
2001). This suggests that, during a bloom, the highest CYN
(or cyanotoxin) concentrations may occur near the end of the
bloom, likely due to cell lysis and accumulation of CYN over
the course of the bloom (Hawkins et al. 2001).

In the future, assessing the public health risks posed by
C. raciborskii will require determining the proportion of toxic
strains present (Saker and Neilan 2001), as well as under-
standing how the prevailing conditions will stimulate toxin
production in strains genetically capable of producing toxin.
The results here clearly show that the light environment will
influence toxin production and may prove a crucial factor in
assessing bloom toxicity.
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