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Abstract 

Several cyanobacteria, including diazotrophic Raphidiopsis raciborskii, can form harmful blooms when dissolved

inorganic phosphorus (DIP) concentrations are very low. We hypothesized that R. raciborskii strains would vary in P 

allocations to cell growth and storage, providing resilience of populations to continuously low or variable P supplies. 

We tested this hypothesis using six toxic strains (producing cylindrospermopsins) isolated from a field population

using batch monocultures with and without P and dissolved inorganic nitrogen (DIN). Treatments replete with DIN, 

irrespective of P addition, had similar exponential growth rates for individual strains. P storage capacity varied four-

fold among strains and was significantly higher in DIN free treatments than in replete treatments. P was stored by all 

R. raciborskii strains, in preference to allocation to increase growth rates. P stores decreased with increased growth

rate across strains but were not related to the time to P starvation in P free treatments. The storage capacity of

R. raciborskii, combined with strategies to efficiently uptake P, mean that P controls may not control R. raciborskii

populations in the short-term. Intra-population strain variation in P storage capacity will need to be reflected in

process-based models to predict blooms of R. raciborskii and other cyanobacteria adapted to low-P conditions.
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Introduction 

The cyanobacterium Raphidiopsis raciborskii (basionym Cylindrospermopsis raciborskii) (Aguilera et al. 2018) is 

reported to form blooms in over 18% of freshwater systems worldwide (Xiao et al. 2020), with blooms increasing in 

frequency and intensity with climate warming (O’Neil et al. 2012). These blooms have caused severe water quality 

issues and are of particular concern when they are associated with cyanotoxin production. R. raciborskii produces

cylindrospermopsins in Australia, New Zealand and Asia, and saxitoxins in South America (Antunes et al. 2015). For 

example, a toxic bloom event occurred in Palm Island, Australia in 1979 when 148 people were hospitalized with

symptoms of food poisoning, including vomiting and tender hepatomegaly, after consumption of water from the

local reservoir (Hawkins et al. 1985). Hence, understanding growth and key environmental drivers of R. raciborskii
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populations are essential to underpin prediction and management of blooms, and ensure water security (Burford et 

al. 2019). 

The dominance of R. raciborskii globally is, in part, attributed to intra-population strain variability (Burford et al. 

2016). Recent studies have demonstrated that R. raciborskii strains isolated from a single lake can vary significantly 

in their morphological and physiological attributes, enhancing the potential of populations to rapidly adapt to 

changing environmental conditions (Willis et al. 2016a, Xiao et al. 2017a, Willis et al. 2018). Willis et al. (2016a) 

showed that cell quotas of total cylindrospermopsins (CYNs), i.e., cylindrospermopsin (CYN) and deoxy-

cylindrospermopsin (dCYN), can vary between R. raciborskii strains, with a three-fold difference among cultures of 

24 strains isolated from an Australian lake. This large variation and co-occurrence of strains make it challenging to

predict population or species-level responses to particular or changing environmental conditions. 

Phosphorus (P) is widely considered to be the key nutrient limiting phytoplankton productivity in freshwater systems 

(Schindler et al. 2008), but nitrogen (N) may also limit or co-limit productivity (Paerl 2009). Dissolved inorganic P

(DIP) is the most bioavailable form of P for phytoplankton uptake, and concentrations of DIP may decrease 

substantially in the surface mixed layer of lakes and reservoirs during periods of thermal stratification (Burford et al. 

2012, Zhang et al. 2017) or increase rapidly during stormflows (Abell and Hamilton 2013, Shore et al. 2017). The

variation in P bioavailability may in turn affect phytoplankton competition as species that can rapidly scavenge and 

store P in an opportunistic manner may be strongly competitive under P deficiency.  

A key factor driving the dominance of R. raciborskii is its ability to adapt to low (near or below analytical detection 

limits) and/or variable P availability (Amaral et al. 2014, Wood et al. 2014). R. raciborskii possesses a high DIP uptake 

affinity and P storage capacity (Isvánovics et al. 2000, Willis et al. 2017), and a superior ability to scavenge for 

dissolved organic P (DOP) (Bai et al. 2014). This rapid uptake ability, and the use of DOP-esters to make this form of P 

available, have also been demonstrated in field studies (Prentice et al. 2015, Prentice et al. 2019). When there is

sufficient P, R. raciborskii assimilates more luxury P than required for instantaneous cell growth, storing P 

intracellularly to potentially extend the duration on which it can sustain growth under P deficiency (Willis et al. 2015, 

Willis et al. 2017). High luxury storage capacity of P may increase the competitiveness of R. raciborskii under 

conditions of variable P supply. 

The studies outlined above provide evidence that different P utilization strategies of R. raciborskii may help it 

outcompete other species. However, these studies were limited to one or two strains isolated across multiple 

systems. Significant intra-population variability in response to environmental conditions has been demonstrated for 

physiological attributes of R. raciborskii, e.g., light and temperature (Briand et al. 2004, Mehnert et al. 2010, Xiao et 

al. 2017a), however, limited information is available on the variability of co-occurring strains within a population in 

response to P availability.  

We hypothesized that strains may vary in their allocation of a limiting resource (P, as in this study) to growth (i.e., ‘r-

adapted strains’) and storage (i.e., ‘K-adapted strains’). Accordingly, r-adapted strains may grow rapidly but be short-

lived whilst K-adapted strains may persist for longer periods of time but grow more slowly. The co-existence of 

strains with a range of growth rates and P storage capacities is hypothesized to confer resilience of R. raciborskii 

populations to periods of P limitation interspersed with brief periods of replete P. Our aim was to compare the 

intraspecific variation in P allocation between growth and storage using six toxic R. raciborskii strains isolated from 

the same population. To fulfil this aim we measured growth rates, physiological responses, cellular toxin quotas and 

cellular P quotas in the R. raciborskii strains to different P inputs. 



Materials and Methods 

Experimental setup 

Experiments were carried out with six R. raciborskii strains, isolated in 2013 from surface water samples from Lake 

Wivenhoe (27o23’38’’S, 152o36’28’’E, southeast Queensland, Australia), namely S01, S02, S03, S08, S09 and S11 

following Willis et al. (2016a). These six strains were chosen from 24 strains isolated from Lake Wivenhoe, to capture 

a range of intraspecific variation in morphological characteristics, growth rate, and quotas of CYNs (CYN and dCYN) 

(Willis et al. 2016a). Willis et al. (2018) has previously examined the genomic variability of nine out of the 24 strains 

(including S01 from the current study), and characterized that each had a full complement of genes for the uptake, 

assimilation and metabolism of inorganic and organic phosphates, with little genetic variation among the strains.

All strains were maintained in batch monocultures with modified Jaworski Medium (JM) with reduced phosphorus 

(P) content to 25% of the original concentration, resulting in 45 µmol L-1 of P and 941 µmol L-1 of nitrogen (N) (Willis

et al. 2015). Cultures and growth experiments were kept at a light intensity of 50 μmol photons m-2 s-1 on a 12:12 h

light: dark cycle from LED lights, at a constant temperature of 28oC, approximating optimal light and temperature

conditions for these R. raciborskii strains (Xiao et al. 2017a). This temperature also approximates the surface water

temperature of Lake Wivenhoe in summer (Burford et al. 2006, Burford et al. 2012).

Cultures were non-axenic, however excess heterotrophic bacteria were removed during repeated centrifuging and 

washing. Cultures were maintained under sterile conditions with the modified JM media to mid-exponential growth 

phase (~10 d) then centrifuged to remove residual N and P for the growth experiment. Cells were harvested by 

centrifugation for 2 min at ~4,500 m s-2 (Stratos, Sorvall Centrifuge, USA), washed twice and resuspended with sterile 

DIN and P-free JM media. The resuspended cultures were then split into three nutrient treatments for the growth

experiment: replete DIN and P treatment (JM media with 45 µmol L-1 of P and 941 µmol L-1 of DIN), DIN free media 

treatment (JM media modified with 45 µmol L-1 of P but no DIN added) and P free media treatment (JM media 

modified with 941 µmol L-1 of N but no P added). All glassware used was washed with 10% (v/v) hydrochloric acid

and rinsed in deionized water to prevent N and P contamination. 

Five replicates were set up for each strain and nutrient treatment, with 980 mL media in 1 L glass Schott bottles

(except for strain S08 with four replicates). To avoid self-shading of cells, all cultures were inoculated at an initial

OD750 (optical density at a wavelength of 750 nm) of 0.020 ± 0.002. This OD750 equated to cell concentrations of 

approximately 0.8 × 106 to 2 × 106 cells mL-1, depending on the strain (see Table S1 for correlation between OD750 

and cell counts; R2 = 0.72 – 0.97 for the six strains). Cultures were gently shaken each day.  

Sample collection and analysis 
Subsamples of each culture (5 mL) were taken daily, 7 h after the start of light cycle, throughout the growth phase, 

and monitored for relative fluorescence using a Phyto-PAM Phytoplankton Analyzer (Walz, Effeltrich, Germany).

Samples were first kept in the dark for 20 min, then provided with light at 1 µmol photons m-2 s-1 to estimate the

minimum fluorescence (F0), and exposed to a saturating beam of red light at 10 µmol photons m-2 s-1 with a 

saturation pulsing frequency of 0.5 s to estimate the maximum fluorescence (Fm). The photosynthetic yield 

(maximum quantum yield of PSII, Fv/Fm = (Fm – F0)/Fm) was then calculated to indicate cell stress (Baker 2008). 

Parkhill et al. (2001) have shown clearly that Fv/Fm values of algal cultures decline in line with the extent of nutrient 

starvation. 

From our preliminary experiment on R. raciborskii strains, we also found that once the photosynthetic yield was 

reduced by 10% on two consecutive days, it either stabilised or continued to decrease, hence, we assumed that 



cultures became physiological stressed when photosynthetic yield decreased by 10% on two consecutive days. Here, 

if photosynthetic yield reduced by 10% from the previous day, we defined the day of 10% reduction as the 

photosynthetic yield reduction day, and if photosynthetic yield reduced by a total amount of 10% over two 

consecutive days, we defined the second day as the day of photosynthetic yield reduction.  

Our preliminary experiments also showed that photosynthetic yield reduction occurred before the stationary growth 

phase. Hence, we chose to use the measure of photosynthetic yield rather than measurements of OD750 to indicate 

cell stress from nutrient limitation. This method also minimized the possibility using OD750 of overestimating growth 

due to cell lysis, hence underestimating cellular nutrient content. Until the photosynthetic yield reduction day, 

subsamples were taken over several days (see details below) to measure OD750, quotas of CYNs, particulate carbon 

(C), N and P content, and concentrations of dissolved inorganic N and P on different days. The total biovolume of

vegetative cells and number of heterocysts were also measured.  

Growth rate, cell biovolume and enumeration 

Subsamples of each culture (2.5 mL) were taken daily for OD750 readings using a spectrophotometer (T60 UV/VIS, 

PG Instruments Limited, UK), from days 0 to 5, then on alternate days until the day of photosynthetic yield 

reduction. The specific growth rate (µ, d-1) was calculated during the exponential phase before the photosynthetic 

yield reduction day, with first order rate kinetics (Andersen 2005): 

µ (d-1) = (ln (OD7502/OD7501))/(t2 – t1), 

where OD7502 and OD7501 are the OD750 readings at time t2 and t1, respectively. Following the OD750 

measurements, Lugol’s iodine solution was added to each subsample (approximately 1% final concentration) to

preserve cells for enumeration. 

Cell width, cell length and trichome length were measured after loading 1 mL of the preserved sample onto a 

Sedgewick Rafter counter. Measurements were taken at ×200 magnification under an inverted microscope (Olympus 

CKX41), equipped with a DFK-41BF02 digital camera and a computerized image-analysis system PlanktoMetrix 

(Zohary et al. 2016). For each sample, 20 counts of cell width and cell length for vegetative cells and heterocysts, and 

a minimum of 200 counts (from 45 counting fields) were made to determine the cells per trichome, for calculation of 

cell biovolume and the proportion of heterocysts. The cells were randomly selected from each trichome, and the

trichome was randomly selected from each view under the microscopy by mouse clicks. Hereafter, PlanktoMetrix

computed the total biovolumes of vegetative cells and heterocysts, assuming a cylindrical shape of R. raciborskii

(Hillebrand et al. 1999). Samples from one replicate of each strain under each nutrient treatment were counted to 

determine the biovolume of vegetative cells. To determine the number of vegetative cells in the remaining 

replicates, the correlation between OD750 and cell counts from the counted samples was used (Table S1). 

Particulate C, N and P, and dissolved inorganic N and P analyses 

Subsamples of each culture (100 mL) were taken for particulate N, P and C analyses on days 0, 3, 5 and until the

photosynthetic yield reduction day after day 5. The subsamples were filtered through pre-combusted glass fibre

filters (Whatman GF/F) under a gentle vacuum. For N and P, filter papers were first block-digested with concentrated 

sulphuric acid, then analyzed by a colorimetric assay followed by analysis with a segmented flow analyzer (AA3 HR; 

SEAL, USA) (American Public Health Association 2012). For C, filter papers were analyzed using a Sercon Europa EA-

GSL Elemental Analyzer (UK) after Dumas combustion (Daintith 2008). The detection limits for N, P and C were 0.04 

mg L-1, and 0.02 mg L-1 and 0.4 µg L-1, respectively.  



Given that cultures were sampled until the day of photosynthetic yield reduction, i.e., until physiologically stressed, 

we assumed that a limited proportion of nutrients was released from the dead cells, and hence the particulate 

content of the cultures equated to the cellular content. Therefore, the cellular C, N and P were calculated from the 

particulate content and the concentration of vegetative cells. Thereafter, filtrates (10 mL; Whatman GF/F) were 

collected from each replicate of each of the three treatments for ammonium, nitrate/nitrite and phosphate analysis. 

The filtrates were stored frozen until analysis by a colorimetric assay, followed by analysis with a segmented flow 

analyzer (Skalar San++ CFA, Netherlands) (American Public Health Association 2012). The detection limits for 

ammonium, nitrate/nitrite and phosphate were 0.002, 0.001 and 0.001 mg L-1, respectively.  

In the treatment with no P addition, to compare biomass increase among strains using cellular P storage, we 

standardized the increase of biovolume to the particulate P content (µm3 µg-1 P) as: 

(Biovolume2/ Biovolume1)/(P2 – P1), 

where, Biovolume2
 and Biovolume1

 are the biovolume (µm3 L-1) of each strain on the day of photosynthetic yield

reduction and inoculation, respectively, and P2 and P1 are the particulate P content (µg L-1) of each strain on the days 

of photosynthetic yield reduction and inoculation, respectively. 

Cylindrospermopsins analysis 

The CYNs production was only examined on the day of photosynthetic yield reduction for all strains under the 

treatment of replete DIN and P. This is because previous studies (Hawkins et al. 2001, Davis et al. 2014, Pierangelini 

et al. 2015, Willis et al. 2015) have conclusively shown that production of CYNs by R. raciborskii is a constitutive

process and largely independent of environmental drivers. 5 mL unfiltered subsample and 5 mL filtered subsample 

(filtered through 0.2 µm sterile filters) were collected from each strain to measure the total CYNs (CYN + dCYN) and 

extracellular CYNs (CYN + dCYN). The samples were lyophilized, and CYN and dCYN were extracted and analyzed by 

HPLC-MS, coupled by a 4000 QTRAP® LC-MS/MS (Sciex, Canada) to a Shimadzu UFLC HPLC (Shimadzu, Japan) (Willis 

et al. 2015). The toxin quotas were then calculated from the total intracellular CYNs divided by the concentration of 

vegetative cells on the day of photosynthetic yield reduction.  

Statistical analysis 

Differences between strains in exponential growth rates, and time to reach photosynthetic yield reduction under the 

three nutrient treatments were tested by two-way ANOVA. Differences for individual strains in particulate content 

and ratios of C, N and P (C:P, C:N and N:P); and concentrations of ammonium, nitrate/nitrite and phosphate under 

each nutrient treatment were tested by one-way ANOVA. In the treatment with no P addition, the significance of

biovolume change among strains was tested by one-way ANOVA. 

Data were Boxcox-transformed to meet the assumptions of homogeneity of variances and normal distribution of

residuals (Zuur et al. 2010). Leneve’s test was run to test the homogeneity of variance, and the Shapiro-Wilk test was 

used to test for normality of the distribution of residuals. All ANOVA were followed by a Tukey post-hoc test (Day

and Quinn 1989). All statistical analyses were performed with R software (www.r- project.org). Significant levels

were recorded at P <0.05. 



Results 

Photosynthetic yield 

Time to reach photosynthetic yield reduction for cultures of the six R. raciborskii strains ranged from 3 d (strain S01 

without DIN addition) to 13 d (strain S02 with replete DIN and P), under the three nutrient treatments (Fig. 1, Fig. 

S1). Time varied from 5 to 13 d for strains with no P addition, and showed no significant difference from the 

treatment of replete DIN and P (Fig. 1, Fig. S1). Moreover, time to photosynthetic yield reduction in the treatment 

with no P addition was significantly longer than in the treatment without DIN addition for four strains (3 – 8 d) (P

<0.05, Fig. 1).  

Time to photosynthetic yield reduction for strain S02 was significantly longer than for strains S09, S11 and S01 under 

two treatments: (1) replete DIN and P and (2) without DIN addition. Time to photosynthetic yield reduction for strain 

S02 and was significantly longer than the remaining five strains under the treatment with no P addition (P <0.01,

Table 1). For all strains under all the nutrient treatments, photosynthetic yield reduction occurred at a time when

cell concentrations were still increasing, but at a slower rate than during exponential growth (Figs S1 – S3). 

Exponential growth rate and cell biovolume 

The average exponential growth period for cultures of the six R. raciborskii strains ranged from 2 to 7 d under the

three nutrient treatments. The end of exponential growth period was before or on the same day of photosynthetic 

yield reduction (Table 1, Fig. S1). The exponential growth rate varied among strains and nutrient treatments, ranging 

from 0.21 ± 0.04 d-1 (for strain S01 without DIN addition) to 0.66 ± 0.06 d-1 (for strain S09 with replete DIN and P)

(Fig. 2). The average growth rates varied approximately two-fold among strains under each treatment, and three-

fold comparing all strains and all treatments. 

Three out of the six strains (S01, S03 and S11) had no significant difference in growth rate across all treatments (Fig. 

2). In comparison, the other three strains (S02, S08 and S09) had significantly lower growth rates without DIN 

addition, and two strains (S02 and S09) had significantly lower growth rates without P addition, compared to the

growth rates under replete DIN and P condition (P <0.05, Fig. 2). Strain S09 always had significantly higher growth

rates than strains S01 and S02, irrespective of nutrient treatments (P <0.05, Table 1). 

Under the three nutrient treatments, the size of individual vegetative cells of the six R. raciborskii strains generally 

reduced during the growth period (Fig. S4). The length of trichomes of strains S03 grew longer during the growth

period, from approximately 150 to 300 µm, while trichome length of S09 increased for the first 5 d in all treatments 

and then reduced. For the remaining strains the trichome length were all <100 µm and there was little change along 

the growth period for all treatments (Fig. S4).  

Particulate nutrient concentrations and ratios 

The particulate P content varied among strains and nutrient treatments (Table 2). In the treatment with no P 

addition, particulate P content decreased on day 3 compared to day 0 and then continuously decreased or remained 

constant until late exponential phase when photosynthetic yield decreased (Fig. S5). On the photosynthetic yield

reduction day, particulate P varied approximately four-fold among strains, from 0.3 ± 0.1 fg µm-3 in S09 to 1.2 ± 0.1 

fg µm-3 in S02 and 1.2 ± 0.2 fg µm-3 in S08 (Table 2).  

In the treatment with no P addition, the particulate P content was not correlated with the time to photosynthetic 

yield reduction among strains (R2 = 0.18, P =0.051, Fig. 3a). In comparison, the particulate P content measured on 

the day of photosynthetic yield reduction, was significantly lower in strains with higher exponential growth rates (R2 



= 0.76, P <0.01, Fig. 3b). Therefore, among strains, a decrease in growth rate from 0.6 to 0.2 d-1 represented an 

increase in particulate P from approximately 0.4 to 1.3 pg P µm-3 (Fig. 3). For the treatments with replete P, the 

particulate P content was significantly higher in the treatment without DIN addition than the treatment replete in 

DIN for five of the six strains (P <0.01, Table 2). 

In the treatment with no P addition, strains S09 and S03 had significantly greater increase in the ratio of total 

biovolume and particulate P content (µm3 µg-1 P) than the other four strains (P <0.05, Table 3). Strain S09 was the 

first to reach photosynthetic yield reduction (4.6 d on average; Fig. 1) and S02 was the last (11.8 d on average; Fig. 1) 

(Table 1).  

In the treatment with no P addition, the average mass ratio of particulate C:P varied nearly two-fold among strains 

on the day of photosynthetic yield reduction, ranging from 161.3 in S08 to 304.4 in S09 cultures. This ratio was 

significantly higher in the treatment with no P addition than the P replete treatment for all strains (P <0.01, Table 2). 

The mass ratios of particulate N:P also varied among strains and with treatments: from 10 to 20 in the DIN and P

replete treatment, >30 for the no P treatment, and <8 for the no DIN treatment (Table 2). Strain S011 had higher

cellular N concentrations in the cultures in the no-DIN treatment compared to the replete DIN and P treatment, due 

to a higher cell concentration (Figs. S1 – S2), larger cell size (Table 2) and lower particulate N content (Table 2). 

Dissolved inorganic nitrogen and phosphorus 

In the treatment with no P addition, the concentration of phosphate was below the analytical detection limit (0.001 

mg L-1) for all strains on the photosynthetic yield reduction day (Table 4). DIN was above detection limits (0.002 and 

0.001 mg L-1 for ammonium and nitrate/nitrite, respectively) irrespective of whether DIN was added or not (Table 4). 

In the treatment without DIN addition, ammonium concentrations remained in the range of 0.002 to 0.010 mg N L-1, 

and nitrite/nitrate concentrations remained in the range of 0.004 to 0.012 mg N L-1 (Table 4, Fig. S6). All six strains

had a low proportion of heterocysts of cells, i.e., <1.3% across all treatments including without DIN addition (Fig. S7). 

Toxin quotas and ratios 

The six R. raciborskii strains varied significantly in quotas and ratios of CYN and dCYN) (P <0.05, Table 5). Average cell 

quota of CYNs (CYN + dCYN) of strains differed nearly seven-fold, from 40.6 fg cell-1 for strain S03 to 274.4 fg cell-1 for 

strain S02 (Table 5). The average ratio of CYN and dCYN differed 22-fold among strains, with CYN dominant in strain 

S08 and dCYN dominant in strain S03 (Table 5). There was no significant correlation between cellular P content with 

the toxin quotas across all strains (P> 0.05).  

Discussion 

Within-population strain variability 

Our study showed that six toxic R. raciborskii strains isolated from the same population varied widely in their 

exponential growth rates, time to photosynthetic yield reduction, and particulate carbon (C), nitrogen (N) and 

phosphorus (P) content, in response to treatments with or without P and DIN addition. P storage capacity of 

R. raciborskii strains, based by cellular C:P ratios, varied two-fold among the six selected toxic strains when there was

no P addition. This variation is slightly smaller than the 2.5-fold variation in cellular C:P measured among 12 non-

toxic strains isolated from six German lakes, in response to low P availability (Bolius et al. 2017). Differences in the

variation of C:P ratios indicate that strain variability within a population of R. raciborskii in an individual waterbody

could be of similar magnitude to that between populations of different waterbodies or geographic areas.



Additionally, variation between strains could be comparable to that between species as shown by the growth 

responses of R. raciborskii and Microcystis spp. to different light and temperature regimes (Xiao et al. 2017a, Guedes 

et al. 2019). Hence, co-occurring strains of R. raciborskii with a wide range of physiological attributes may enable this 

species to have flexibility to adapt to a wide range, and changing, environmental conditions.  

In our study, in the treatment with no P addition, cultures reached photosynthetic yield reduction (indicating P 

starvation) from 5 to 13 d among the six R. raciborskii strains, presumably through utilization of luxury cellular P 

storage. Willis et al. (2017) examined the duration of growth to P starvation for two strains from two different 

populations in continuous cultures, i.e., 9 and 14 d. They also suggested that strains with a higher P storage may

grow a longer period of time before P starvation, but no such relationship was found in our study. This prolonged P-

starved conditions used in the study by (Willis et al. 2017) (5 d under P free media prior to experiments) compared 

with no pre-starvation in our study is likely to cause the differences. Moreover, using different parameters, i.e., cell 

concentration in their study and photosynthetic yield in our study, to indicate P starvation is also likely to cause the 

difference.  

The six R. raciborskii strains showed substantial intraspecific variation in P storage and time to reach photosynthetic 

yield reduction under different P conditions, however, these physiological differences are not likely to be a result of 

genomic characteristics but may be related to the differential expression of P acquisition genes. Previous studies

have shown minimal genomic differences in P genes among R. raciborskii strains (Sinha et al. 2014, Abreu et al. 2018, 

Willis et al. 2018). Willis et al. (2018) compared genomic characteristics of nine out of 24 Wivenhoe R. raciborskii

strains (from the same lake as our study), and found that the strains with straight trichomes (including one strain

from the current study) have similar genome size (3.8 Mbq), total genes (3485 ± 20), and core genes comprising

~83% of orthologous groups (OGs). Each of the nine strains in their study had a full complement of genes for the

uptake, assimilation and metabolism of inorganic phosphates within the core genes, with 100% synteny among the 

strains. Despite the high level of genomic homogeneity for phosphate metabolism, differential expression of these 

genes was found in response to different P conditions (Willis et al. 2019). Willis et al. (2019) studied a coiled and a 

straight R. raciborskii strain under P replete and P free conditions, and found that P acquisition genes are identical, 

but differ in copy number, and expression in terms of magnitude and growth period. These differences appear 

common to both coiled and straight strains. 

Burford et al. (2014) have shown that increasing P availability increased the proportion of toxic R. raciborskii strains 

in a field study. The mechanism for this is unclear but we tested whether this may be linked to P storage. However, 

across the strains we examined, there was no significant correlation between cellular P content and toxin quotas.

Given the constitutive production of toxins in R. raciborskii strains (Davis et al. 2014, Willis et al. 2015) and our P

storage results, strain variation is mostly likely responsible for changes in toxin quotas at a population level. 

Phosphorus storage strategy 

In our study, the six R. raciborskii strains could be denoted as ‘K-adapted’ strains, as they preferentially stored P

rather than increasing growth rates under replete P conditions, and most of the six strains had similar exponential 

growth rates to those for no added P. Moreover, strains with lower growth rates stored more P intracellularly, 

reinforcing that there was heterogeneity in luxury P storage that was connected to growth rate. These results 

validate the storage-adapted strategy proposed by (Sommer 1984) that the rate of resource accumulation in uptake 

exceeds utilization for growth, thereby allowing a net accumulation of cellular P. Similarly, Guedes et al. (2019) 

showed no differences in growth rates for five R. raciborskii strains isolated from four different geographical origins 

in Brazil, with and without P. Willis et al. (2017) also found that two Australian R. raciborskii strains stored P rather 

than increasing their growth rates at P concentrations ranging from 0.001 to 0.496 mg L-1.  



Our study showed markedly higher cellular P storage for all six R. raciborskii strains when no DIN was added 

compared to N replete treatments. This result has also been demonstrated in a mesocosm study, where the cellular 

P of an algal community dominated by R. raciborskii increased from approximately 0.21 to 0.33 pg cell-1 when no DIN 

was added, compared to nitrate and/or urea addition treatments (Burford et al. 2014). Phosphorus is used, amongst 

other elements, for DNA transcription and synthesis of enzymes used to fix N2. Therefore, R. raciborskii cells may use 

luxury storage of P for N fixation when DIN is depleted. Wang et al. (2018) recently noted that P enrichment could 

facilitate N2 fixation in another cyanobacterium Dolichospermum flos-aquae. 

Effect of P availability on species and strain selection 

By demonstrating the variability in P storage and P-related gene expression in response to P availability, our study

may help to explain the dominance of R. raciborskii in lakes with low or undetectable DIP concentrations. These

lakes vary in diversity and location, such as Wivenhoe in Australia (Prentice et al. 2015), Whangape in New Zealand 

(Wood et al. 2014), and 73 lakes across different climatic zones reviewed by Bonilla et al. (2012). R. raciborskii strains 

with faster growth rate and lower cellular P quota (e.g., strain S09 in our study) could potentially establish 

dominance early with higher biovolume, taking up available P and perpetuating conditions of P deficiency for other 

strains with lower efficiency of P uptake, assimilation and metabolism. These R. raciborskii strains, whilst growing

slowly, but could potentially sustain growth for longer periods under P deficiency (e.g., strain S02). Fluctuating P

conditions resulting from rapid uptake by phytoplankton species and external supply, will potentially favor strains

with different strategies. Hence, fluctuating P potentially creates more chaotic strain fluctuations within a population 

of R. raciborskii, but provides a higher probability of populations persisting.  

The six R. raciborskii strains in our study originated from Lake Wivenhoe, which has low or undetectable levels of DIP 

(<0.002 mg L-1) in the surface mixed layer throughout summer when R. raciborskii dominates (Burford and 

O'Donohue 2006, Burford et al. 2012). We suggest that the superior P storage strategy of R. raciborskii strains is

likely to reflect the low or variable P availability of the aquatic systems where they were isolated. To confirm this, we 

compared the minimum cellular C:P ratios across cyanobacterial species and strains from batch monoculture studies, 

from publications in ISI Web of Science using two searches: (1) ‘cellular nutrient’, and (2) ‘cyanobacteria’ (Fig. 4). The 

minimum C:P ratios were used because typically C:P ratios could change substantially under different environmental 

conditions, driven by either changes in P or C, while the minimum C:P ratios showed the capacity for maximum P

storage. Despite the limited number of studies of C:P ratios, Fig. 4 indicates that the minimum ratios of R. raciborskii 

strains from our study are similar to those of marine cyanobacteria, e.g., Trichodesmium sp., Prochlorococcus, 

Synechococcus; and are potentially lower than several other freshwater cyanobacteria, as well as R. raciborskii 

strains isolated from lakes in Germany (Fig. 4). Marine cyanobacteria are highly adapted to scarcity (<100 nM or <3.1 

μg L-1) of phosphate in the ocean (Wu et al. 2000). Adaptation is achieved by simultaneously lowering P 

requirements (Bertilsson et al. 2003, Van Mooy et al. 2006), scavenging DOP (Dyhrman et al. 2006, Van Mooy et al. 

2009) and photosynthesizing more efficiently (Moore et al. 2008). In comparison, the lakes in Germany, where all

other R. raciborskii strains were isolated, range from eutrophic to hypertrophic (Kleeberg et al. 1999, Barthelmes and 

Brämick 2003, Nixdorf et al. 2003, Nixdorf et al. 2004, Brauns et al. 2007). Combined with P storage capacity, 

R. raciborskii can also scavenge DOP under P deficient conditions (Bai et al. 2014, Willis et al. 2017, Prentice et al.

2019). Overall, the superior P utilization strategies of R. raciborskii are likely to contribute to its dominance over

many other cyanobacterial species under P deficiency. However, future field investigations could be used to examine

the spatio-temporal distribution in cyanobacterial species/strains with different P storage capacities along a gradient

of P availability and substantiate the role of P availability on species/strain selection.



Impacts of nitrogen deficiency 

In our study, exponential growth rates in three R. raciborskii strains were significantly lower in DIN free media 

compared with replete DIN and P conditions, while the remaining three strains showed no significant difference, 

irrespective of the DIN treatment. Willis et al. (2017) found that growth rates of two R. raciborskii strains increased 

with increasing DIN input. Inconsistency in the effect of DIN concentrations on growth rate of R. raciborskii possibly 

indicates strain variability, which suggests that multiple strains should be considered to fully understand the growth 

rate in relation to N availability. 

The six R. raciborskii strains reached photosynthetic yield reduction at 3 to 8 d when no DIN was added, which was 

shorter than the replete DIN treatment (5 – 13 d, irrespective of P addition). Chen et al. (2019) showed that Fv/Fm

yield of M. aeruginosa could decrease by 10% when DIN decreased from 3 to 0.5 mg L-1, regardless of whether N was 

in ammonium, nitrate or urea form. Decreased photochemical efficiency under N-limited conditions is primarily a

consequence of non-radiative dissipation of absorbed energy that excites the pigment bed (Falkowski and Raven

2013). In N-limited environments, even with N fixation, PSI is maintained but all PSII activity is lost and the proteins 

involved in oxygenic photosynthesis are degraded (Falkowski and Raven 2013), therefore the photosynthetic yield 

can only be maintained after sufficient DIN is available for cellular growth.  

The proportion of heterocysts remained low for all strains (<1.3% of cells) in our cultures, even in those without

additional DIN. It is possible that DIN depletion was not sufficient to trigger heterocyst formation, and it was noted 

that concentrations of ammonium (0.002 – 0.010 mg N L-1) and nitrate/ nitrite (0.004 – 0.012 mg N L-1) remained

above analytical detection limits across all treatments. Oliver et al. (2012) suggest that N fixation can take place in 

heterocysts 12 – 20 h after DIN is removed for filamentous cyanobacteria in general, while Willis et al. (2016b) found 

that for R. raciborskii heterocyst production and subsequent N fixation can take 10 d or more to occur once DIN

reserves are depleted. The duration of our study likely meant that our sampling was within the heterocyst formation 

lag phase for R. raciborskii. In comparison, Aubriot and Bonilla (2018) did not find N fixation in R. raciborskii cultures, 

even when DIN input was interrupted for 14 months. In the field, Burford et al. (2014) found that the proportion of 

heterocyst cells in a R. raciborskii population doubled at ~13% when adding P in a mesocosm experiment in Lake

Wivenhoe. The ammonium and nitrate/nitrate concentrations in the mesocosm were 0.005 and 0.007 mg N L-1,

respectively, but these concentrations had been continuously low for an extended period. Further exploration, 

including more prolonged culture periods, is needed to understand the variation in N fixation between strains and 

the thresholds of DIN limitation that initiate N fixation. At the same time, however, extending the culture period may 

also allow strains to adapt to the prevailing culture conditions (Lakeman et al. 2009). 

Managing and modelling R. raciborskii blooms 
Controlling nutrient inputs has been widely suggested to control cyanobacterial blooms in lakes and reservoirs (Paerl 

et al. 2015, Hamilton et al. 2016). There have been arguments whether reducing N or P inputs or both nutrients

could more effectively prevent blooms (Xu et al. 2010, Schindler et al. 2016). However, for R. raciborskii, given its

prioritization of P for luxury storage demonstrated in the current study, and a range of other strategies for P 

utilization such as rapid P uptake and P scavenging, controlling blooms of this species with a reduction in P loads may 

be difficult to attain, particularly if there are intermittent pulses of P (e.g., stormflows, mixing events) to replenish 

cellular P quotas.  

Our study showed significant within-population strain variation of R. raciborskii in response to N and P depletion, 

which points to the necessity of an advanced physiological representation to predict growth and bloom formation. 

The strain-level variation challenges conventional process-based modelling approaches, which for practical reasons 

usually lump cyanobacterial strains and species responses into one or two state variables (Oliver et al. 2012). The 



deterministic nature of these models with fixed relationships between inputs and outputs, means that alternative 

numerical approaches are needed to reflect the stochasticity and heterogeneity associated with species and strains 

within a bloom. For example, a Monte Carlo approach to resolve strain variability and parameter uncertainty may be 

useful to demonstrate the large effect of strain variability on population composition and the stochastic nature of 

bloom Xiao et al. (2017b). 

In summary, our understanding of morphological, physiological and genomic characteristics of R. raciborskii in 

response to P has increased significantly in the last two decades. Studies have found substantial intraspecific 

variation occurs in R. raciborskii strains within and between systems in terms of growth rate (Briand et al. 2004,

Willis et al. 2016a), cellular P storage (Bolius et al. 2017, Willis et al. 2017), P uptake and use of DOP (Isvánovics et al. 

2000, Bai et al. 2014). Studies of R. raciborskii strains isolated from Australia, showed that they have higher P uptake 

rates compared to strains from other continents (Willis et al. 2017). In field, R. raciborskii-dominated populations

were found to have a higher toxin production with increasing P inputs due to a shift in strain dominance (Burford et 

al. 2014). Additionally, a threshold concentration of 5 µg L-1 DIP was determined for the switch from passive to active 

DIP uptake (Prentice et al. 2015).  

Our study builds on these studies showing intra-population variation in P allocation to growth and storage using

multiple strains isolated from the same population, from an Australian lake. R. raciborskii strains preferentially 

stored P intracellularly over increasing growth rate when P was made available, a strategy for ensuring persistence 

of populations during P deficiency. The P storage capacity of these R. raciborskii strains, indicated by cellular C:P

ratios, was similar to that of marine cyanobacteria, which are known to be highly efficient in P utilization. It appears 

that these differences are due to differential expression of P acquisition genes. This study also points to the difficulty 

of controlling the growth of R. raciborskii with a P-reduction strategy.  
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Figure 1. Days to reach photosynthetic yield reduction under the three nutrient treatments for the six Raphidiopsis 

raciborskii strains. Significant differences (P <0.05) among strains for each nutrient treatment are indicated by letters 

a, b, and c. 



Figure 2. Exponential growth rates (d-1) before photosynthetic yield reduction of the six Raphidiopsis raciborskii

strains under the three nutrient treatments. Significant differences (P <0.05) among strains for each nutrient 

treatment are indicated by letters a, b, and c. 



Figure 3. Correlation between cellular P (fg P µm-3) on the day of photosynthetic yield reduction and the days to

reach photosynthetic yield reduction (Fig. 3a); and between cellular P (fg P µm-3) on the day of photosynthetic yield 

reduction and the exponential growth rate (d-1) (Fig. 3b) for all Raphidiopsis raciborskii strains under the treatment 

of no P addition. Colours indicate the different strains. For strain S08 there are one only two data points due to loss 

of one sample. 



Figure 4. Comparison of the mass ratios of cellular C:P in batch cultures from a range of studies. The dots indicate

the average values, the bars indicate the range of ratios and the letters indicate the reference of each study. a: this 

study; b: Bolius et al. (2017); c: Lee et al. (2000); d: Schoffelen et al. (2018);e: Fu et al. (2005); f: White et al. (2006); 

g: Bertilsson et al. (2003). The species and strains were cultured under a range of nutrient conditions. The ratios

were collated on days 8 to 20 corresponding to when growth was reduced in each strain.  



Table 1. Mean and standard deviation (SD) of time to photosynthetic yield reduction (d), exponential growth period 

(d), and exponential growth rate (µ, d-1) of the six Raphidiopsis raciborskii strains under the three nutrient 

treatments. The letters a, b, c and d designate significant differences (P <0.05) among strains under each nutrient 

condition. 

Treatment Strai

n 

Time to photosynthetic 

yield reduction (d) 

Exponential growth 

period (d) 

Exponential growth 

rate (µ, d
-1

)

Mean SD Mean SD Mean SD 

Replete DIN and 

P 

S01 6.2
bc

0.8 5.2
abcd

1.1 0.28
c

0.06 

S02 10.6
a

1.8 7.0
ae

0.0 0.43
b

0.03 

S03 8.2
ab

0.8 5.2
be

1.1 0.49
ab

0.04 

S08 8.0
ab

0.0 4.0
ce

1.4 0.40
bc

0.05 

S09 4.7
c

0.6 4.7
e

1.5 0.66
a

0.06 

S11 5.4
c

0.6 4.2
e

0.4 0.45
b

0.11 

DIN free media S01 3.8
c

0.4 3.2
ad

0.4 0.21
c

0.04 

S02 7.6
a

0.5 2.4
d

0.9 0.28
c

0.02 

S03 6.2
a

0.4 4.0
abc

0.0 0.49
a

0.10 

S08 5.8
ab

0.9 3.8
abc

0.5 0.30
bc

0.06 

S09 4.4
bc

0.5 3.2
bd

0.8 0.50
a

0.04 

S11 4.4
bc

0.5 2.2
d

0.4 0.44
ab

0.12 

P free media S01 5.0
c

0.0 4.0
ab

0.7 0.25
c

0.00 

S02 12.0
a

2.2 4.8
a

0.4 0.29
bc

0.04 

S03 8.0
b

0.0 3.8
ab

1.3 0.41
ab

0.05 

S08 8.0
b

0.0 3.8
ab

0.9 0.36
abc

0.02 

S09 4.7
c

0.5 3.0
ac

0.0 0.53
a

0.03 

S11 6.0
bc

0.0 2.0
c

0.0 0.35
bc

0.04 



Table 2. Cellular carbon, nitrogen and phosphorus concentrations and ratios (mean and standard deviation), trichome length and cell volume of the six Raphidiopsis 

raciborskii strains under the three nutrient treatments on the day of photosynthetic yield reduction. fg is femtogram. The letters a, b and c designate significant differences 

(P <0.05) between the nutrient treatments (except for Initial) for individual strains.  

Strain Treatment Cellular C 

(fg µm
-3

)

Cellular N 

(fg µm
-3

)

Cellular P 

(fg µm
-3

)

Cellular C:N 

by mass 

Cellular C:P by 

mass 

Cellular N:P by 

mass 

Trichome 

length 

(µm) 

Cell 

volume

(µm
3
)Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

S01 Initial 155.1 8.6 24.8 0.6 2.8 0.1 6.3 0.4 55.3 2.8 8.8 0.2 55.8 48.6 

Replete DIN and P 145.0
a

9.5 31.2
b

1.8 1.7
b

0.1 4.7
a

0.1 85.0
a

1.0 18.3
b

0.0 51.9 61.2 

DIN free media 201.5
b

22.6 17.5
a

2.0 2.8
c

0.1 11.5
b

0.2 71.0
a

5.5 6.2
a

0.5 37.5 42.0 

P free media 228.3
b

35.8 46.1
c

2.4 1.1
a

0.1 5.0
a

0.8 212.6
b

35.6 42.8
c

1.9 51.1 37.5 

S02 Initial 126.3 10.3 24.9  0.7 1.3 0.1 5.1 0.3 93.5 4.8 18.4 0.3 53.0 91.4 

Replete DIN and P 256.0 11.0 59.3
b

13.1 2.9
b

0.6 4.4
a

1.2 91.3
b

22.3 20.6
b

0.4 82.4 22.7 

DIN free media 244.6 3.0 31.3
a

3.2 5.1
c

0.5 7.9
b

0.9 48.4
a

5.5 6.2
a

0.1 51.6 32.1 

P free media 247.2 15.5 54.2
b

8.6 1.2
a

0.1 4.6
a

0.5 206.5
c

8.3 45.0
c

4.7 68.8 20.7 

S03 Initial 89.5 8.6 19.7 0.8 1.4 0.1 4.6 0.3 66.6 2.2 14.5 0.9 140.6 39.2 

Replete DIN and P 99.7
a

5.2 19.7
a

0.1 1.4
b

0.0 5.1
b

0.2 69.8
a

3.3 13.8
b

0.0 329.2 18.2 

DIN free media 175.9
b

11.3 18.6
a

1.5 2.9
c

0.1 9.4
c

0.2 60.6
a

2.9 6.4
a

0.4 258.9 18.8 

P free media 125.7
a

1.6 32.3
b

2.7 0.6
a

0.0 3.9
a

0.4 201.9
b

4.0 51.9
c

5.9 367.9 12.2 

S08 Initial 198.1 26.0 40.1 4.5 3.8 0.1 4.9 0.2 52.6 7.6 10.6 1.2 60.7 26.2 

Replete DIN and P 135.0
a

9.4 31.4
b

2.5 2.3
b

0.1 24.3
a

0.1 59.9
a

3.6 13.9
b

1.0 121.9 22.8 

DIN free media 123.2
a

7.6 17.6
a

1.1 2.5
b

0.1 7.0
b

0.1 50.4
a

2.2 7.2
a

0.3 67.7 21.9 

P free media 194.7
b

8.6 37.4
b

0.0 1.2
a

0.2 5.2
ab

0.2 161.3
b

14.5 31.1
c

4.1 98.8 15.3 

S09 Initial 119.6 15.3 22.3 2.9 1.2 0.2 5.4 0.1 99.5 1.5 18.5 0.2 155.8 51.2 

Replete DIN and P 82.8
a

2.6 16.2
b

0.8 1.1
b

0.1 5.1
a

0.2 73.5
a

3.3 14.3
b

0.0 234.0 39.8 

DIN free media 113.6
b

14.1 9.0
a

2.3 1.3
a

0.2 12.9
b

1.6 85.5
a

4.3 6.7
a

0.9 84.6 33.1 

P free media 80.5
a

3.7 13.9
b

2.1 0.3
a

0.1 5.8
a

0.6 304.4
b

53.3 52.1
c

6.3 179.2 39.8 

S11 Initial 203.9 7.5 32.0 2.1 1.4 0.1 6.4 0.3 140.8 5.2 22.1 0.7 48.3 34.4 

Replete DIN and P 153.6
b

9.6 28.1
a

1.4 2.5
b

0.1 5.5
a

0.1 62.3
a

2.4 11.4
b

0.4 72.4 36.0 

DIN free media 294.1
c

19.2 33.7
a

5.0 5.2
c

0.7 8.9
b

1.4 57.4
a

8.7 6.5
a

0.2 54.6 26.1 

P free media 220.1
b

12.8 42.4
b

1.5 0.8
a

0.0 5.2
a

0.1 260.6
a

12.7 50.3
c

1.6 53.0 22.0 



Table 3. Increase in total biovolume to particulate P content (µm3 µg-1 P) in the cultures of the six Raphidiopsis 

raciborskii strains on the day of photosynthetic yield reduction in the P free media. The letters a and b designate 

significant differences (P <0.05) among strains. 

Strain Increase in total biovolume to particulate P 

content (µm
3
 µg

-1
 P)

Mean SD 

S01 2.49
a

0.20 

S02 2.66
a

0.26 

S03 8.17
b

1.80 

S08 2.85
a

0.23 

S09 23.03
b

8.58 

S11 4.04
a

0.82 

Table 4. Mean and standard deviation (SD) of concentrations of dissolved inorganic nitrogen (ammonium, 

nitrite/nitrate) and dissolved inorganic phosphorus (phosphate) in the cultures of the six Raphidiopsis raciborskii

strains on the day of photosynthetic yield reduction. BD, below detection limit (0.001 mg L-1 for phosphate and 0.002 

mg L-1 for ammonium). The letters a, b and c designate significant differences (P <0.05) among the nutrient 

conditions for individual strains. 

Strain Treatment Ammonium 

(mg L
-1

)

Nitrate/ nitrite 

(mg L
-1

)

Phosphate 

(mg L
-1

)

Mean SD Mean SD Mean SD 

S01 Replete DIN and P 0.008
a

0.002 8.340
b

0.354 1.037
a

0.032 

DIN free media 0.005
a

0.001 0.007
a

0.003 1.210
b

0.036 

P free media 0.009
a

0.003 11.300
b

0.000 BD 

S02 Replete DIN and P 0.034
b

0.012 5.750
b

1.714 1.039
a

0.063 

DIN free media 0.007
a

0.001 0.012
a

0.006 1.253
b

0.006 

P free media 0.048
b

0.003 9.623
c

0.146 BD 

S03 Replete DIN and P 0.023
b

0.002 9.690
b

0.212 1.035
a

0.021 

DIN free media 0.010
a

0.002 0.010
a

0.004 1.253
b

0.015 

P free media 0.020
b

0.002 9.717
b

0.215 BD 

S08 Replete DIN and P 0.018
b

0.000 8.500
b

0.789 1.033
a

0.012 

DIN free media 0.017
b

0.002 0.005
a

0.002 1.157
a

0.015 

P free media 0.009
a

0.001 10.833
b

0.208 BD 

S09 Replete DIN and P 0.003
a

0.001 9.767
b

0.550 1.080
a

0.035 

DIN free media 0.002
a

0.001 0.004
a

0.001 1.085
a

0.098 

P free media 0.003
a

0.001 9.113
b

2.126 BD 

S11 Replete DIN and P 0.007
a

0.001 11.567
b

0.258 1.045
a

0.051 

DIN free media 0.009
a

0.001 0.005
a

0.002 1.127
a

0.034 

P free media 0.009
a

0.001 11.467
b

0.103 BD 

Table 5. Toxin quotas and ratios of the six Raphidiopsis raciborskii strains under replete DIN and P condition on the 

day of photosynthetic yield reduction. CYN indicates cylindrospermopsin, dCYN indicates deoxy-cylindrospermopsin. 

The letters a, b, c and d designate significant differences (P <0.05) in the toxin quotas and ratios between strains. 

Strain CYN quota 

(fg cell
-1

)

dCYN quota 

(fg cell
-1

)

Toxin quota 

(fg CYN + 

dCYN cell
-1

)

CYN:dCYN 

Mean SD Mean SD Mean SD Mean SD 
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S01 22.8
b

3.2 21.9
a

3.2 44.7
a

6.4 1.0
d

0.01 

S02 33.7
bc

4.5 240.7
d

22.0 274.4
c

24.4 0.1
b

0.02 

S03 2.8
a

0.3 37.7
b

4.4 40.6
a

4.7 0.1
a

0.00 

S08 29.0
bc

6.9 18.9
a

3.9 48.0
a

10.7 1.5
e

0.11 

S09 35.0
c

5.5 68.7
c

8.8 103.7
b

14.3 0.5
c

0.02 

S11 52.3
d

1.7 56.6
c

3.4 108.9
b

5.0 0.9
d

0.03 


