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A B S T R A C T   

Harmful algal blooms of Prymnesium parvum have resulted in significant fish kill events globally. These hapto
phytes produce the ichthyotoxic prymnesins, large polyethers categorized into A-, B- and C-types based on their 
carbon backbones with several analogs varying by the degree of glycosylation, chlorination, and double bonds. 
However, the influence of various biotic or abiotic factors on prymnesin profiles remains unknown. We inves
tigated the influence of growth phase, nitrogen availability, light intensity, and salinity on prymnesin profiles of 
three P. parvum strains (UTEX-2797, K-0374 and PPSR01). Strains were selected based on their chemotypic 
expression of the three prymnesin backbones. Results demonstrated that different growth conditions led to 
strain-specific changes in prymnesin profiles. In the stationary phase, increased glycosylation was observed 
compared to the exponential growth phase for all strains. Additionally, at early stationary phase the tri- 
chlorinated analogs represented >90 % of all prymnesins of P. parvum strains UTEX-2797 and PPSR01 when 
cultured at salinity of 10 psu. By gaining an understanding of the effects of biotic and abiotic factors, culture 
conditions could be modified to promote specific prymnesin profiles to support the development of analytical 
reference materials. Furthermore, evaluating prymnesin profiles in combination with toxicity assays will provide 
insights into prymnesin biosynthesis, mode of action and toxicity.   

1. Introduction 

Prymnesium parvum is a haptophyte species, sometimes referred to as 
golden alga, responsible for fish-killing events leading to significant 
economic and ecological losses globally [1–3]. One of the most recent 
disastrous fish kills was observed in the Oder River in 2022 where a 
P. parvum bloom resulted in the death of over 200 t of fish [4,5]. Toxicity 
has been attributed to a class of allelopathic ichthyotoxins called 
prymnesins, which are large (1600–2300 Da) ladder-framed polyether 
compounds that are categorized into A-, B- and C-types based on number 
of carbons in their aglycone backbone (A-type: 91 carbons, B-type: 85 
carbons, C-type: 83 carbons) [6–9]. To date, four prymnesins have been 
structurally elucidated (Fig. 1). Prymnesin-1 and prymnesin-2 are A- 
type prymnesins that were characterized by Igarashi, et al. [8,10]. The 
more recently characterized B-type prymnesins are prymnesin-B1 and 
prymnesin-B2 [9], which lack the H–I fused ether rings of the A-type 

and are replaced with a short three‑carbon chain. The backbone struc
ture of C-type prymnesins has not yet been elucidated [9]. Many addi
tional analogs have been detected in P. parvum using LC–MS methods for 
each structural backbone, with variations in the number of double 
bonds, degree of oxidation, chlorination and glycosylation [11]. 
P. parvum strains are classified into three separate chemotypic lineages 
that are reported to only produce a single prymnesin type, although 
there is a considerable degree of variation in analogs in any given strain 
[11]. 

Various studies have investigated the influence of biotic and abiotic 
factors such as nutrient availability (nitrogen and phosphorus), pH, light 
and salinity on P. parvum growth and toxicity with a focus on conditions 
that support toxic blooms [7]. Similar to other harmful algae, differences 
in strain-specific toxicity and prymnesin cell quotas have been observed 
[1,12]. Prymnesin-1 (A-type), was six times more toxic than prymnesin- 
B1 using a fish gill cell line, suggesting that prymnesin backbones may 
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influence toxicity [9]. Various reports have indicated that the hemolytic 
activity of P. parvum increases during stationary phase compared to 
exponential growth phase [13–15] and nutrient limitation has consis
tently resulted in increased culture toxicity independent of growth rate 
[7,15–17]. Contradictory results have been observed when evaluating 
the influence of other abiotic factors, such as salinity, pH and light, 
suggesting strain-specific variations in response [18–21]. However, the 
majority of these investigations have relied on in vitro bioassays for 
toxicity determination where the profiles of specific prymnesin ana
logues nor prymnesin content was not directly evaluated. 

A major limiting factor impeding prymnesin quantitation and 
profiling is the lack of available reference materials. A method for in
direct quantitation of prymnesins uses fluorescence tagging of the pri
mary amine to measure prymnesin cell quotas by HPLC–FLD, but does 
not distinguish between toxin backbones or individual analogs [22]. In 
order to advance prymnesin research, it is imperative to develop refer
ence materials for these toxins, with various backbones and structural 
variants to enable comparative measurements for prymnesins across 
analytical methodologies, evaluate bioassay toxicity and pursue envi
ronmental monitoring. 

The focus of this study was to investigate the biotic and abiotic 
factors that influence prymnesin profiles in three P. parvum strains 
(UTEX-2797, K-0374, PPSR01), selected based on their production of A-, 
B- and C-type prymnesins, respectively. Prymnesin profiles were eval
uated at time points representing exponential, early stationary and late 
stationary growth phases. Nitrogen availability, salinity and light con
ditions were assessed to evaluate species-specific prymnesin expression 
in response to abiotic factors. The results provide new insights into 
factors that influence prymnesin production, which have importance in 
toxicity studies, analytical metrology, and environmental monitoring. 

2. Material and methods 

2.1. Reagents 

Methanol (MeOH), acetonitrile (MeCN), and formic acid (~98 %) 
were LC–MS grade from Thermo Fisher Scientific (Ottawa, ON, Canada). 
Distilled water was ultra-purified to 18.2 MΩ × cm using a Milli-Q water 
purification system (Millipore Sigma, Oakville, ON, Canada). Artificial 

seawater was prepared with Instant Ocean® sea salt (Blacksburg, VA). 

2.2. P. parvum cultures 

Three non-axenic strains of P. parvum UTEX-2797, K-0374, and 
PPSR01, were used to investigate A-type, B-type and C-type prymnesin 
profiles, respectively. UTEX-2797 was isolated in 2001 from the Texas 
Colorado River, TX, USA, K-0374 was isolated in Norway in 1989 and 
PPSR01 was isolated from the Serpentine River, WA, Australia in 2000, 
as described previously [11]. 

2.3. Experimental setup 

Prymnesin profiles were evaluated in P. parvum cultures at different 
growth stages and from the influence of several abiotic factors. Harvest 
dates were established based on an initial growth curve study in L1 
(− Si)) media under controlled (growth phase) culture conditions. Dur
ing the growth phase experiment (Section 2.3.1), the cultures were 
harvested on days 6, 14 and 30 representing exponential, early sta
tionary and late stationary phases, respectively. For experiments 
investigating the influence of abiotic factors (Sections 2.3.2–2.3.4), 
samples were collected on days 10 and 30. Prior to use, cultures were 
acclimated in the treatment medium for a minimum of two weeks prior 
to each study. 

2.3.1. Growth phase (control conditions) 
The PPSR01 and K-0374 cultures were grown in biological triplicates 

(n = 3) and duplicates for P. parvum UTEX-2797 (n = 2). Cultures were 
inoculated at 1:20 dilution into 100 mL of filter (0.22 μm) sterilized L1 
(− Si)) media prepared to pH 8.2 [23], 24N:1P (0.88 mM N and 0.036 
mM P) and 30 psu with Instant Ocean sea salt. Experimental cultures 
were grown at 20 ◦C under 30 μmol m− 2 s− 1 cool white light with a 
12:12 light cycle. 

2.3.2. Nitrogen 
Filter-sterilized L1(− Si)) medium was prepared with Instant Ocean 

(30 psu) and L1 trace metal mix to 10N:1P ratio (0.39 mM N and 0.036 
mM P), a low nitrogen to phosphorus ratio used in literature to inves
tigate the influence of nutrients on P. parvum growth [24]. The 

Fig. 1. Structures of characterized A-type prymnesins (prymnesin-1 and prymnesin-2), and B-type prymnesins (prymnesin-B1 and prymnesin-B2) produced by 
Prymnesium parvum. 
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acclimated 10N:1P culture of each strain was inoculated at a 1:20 
dilution, in duplicate, with 75 mL of either 24N:1P, the standard ratio of 
L1(− Si)) media, or 10N:1P media. Cultures were then grown at 20 ◦C, 
under 30 μmol m− 2 s− 1 irradiance with a 12:12 light cycle. 

2.3.3. Salinity 
L1(− Si)) medium was prepared with Instant Ocean to 10 psu and 30 

psu salinity and both were filter-sterilized. Salinity was measured using 
a refractometer (AGATO S-10). The 10 psu cultures of each strain were 
inoculated at a 1:20 dilution, in duplicate, with 75 mL of either 10 psu 
and 30 psu media. All cultures were then grown at 20 ◦C, under 30 μmol 
m− 2 s− 1 irradiance with a 12:12 light cycle. 

2.3.4. Light 
Cultures were grown in filter-sterilized L1(− Si)) media prepared to 

30 psu salinity as described in Section 2.3.1. The high light conditions 
were determined to be 100 μmol m− 2 s− 1 irradiance, measured using a 
light reader (LI-COR, LI-250A). Acclimated high-light cultures were 
inoculated in a 1:20 dilution into 75 mL of L1(− Si)) medium. Cultures 
for each strain (n = 2) were either grown under 100 μmol m− 2 s− 1 

irradiance or 30 μmol m− 2 s− 1 irradiance. Both incubators were main
tained at 20 ◦C with a 12:12 light cycle. Due to an incubator malfunc
tion, the high-light cultures were lost before the final harvest at day 30. 

2.3.5. Cell counts and growth rate calculations 
Cell counts were taken every second day throughout each experi

mental set-up. For this, 300 μL of each biological replicate was combined 
with 2 μL of acidified Lugol’s iodine reagent. Duplicate cell counts were 
taken using 10 μL of vortex-mixed samples on a Countess FL II cell 
counter (Invitrogen, Thermo Fisher). 

Growth rates (d− 1) were calculated using the linear regression of 
natural logarithm cell counts over time during exponential phase of 
growth. Two-tailed t-tests were performed to determine the significance 
(p < 0.05) of treatments on growth rates. 

2.4. P. parvum harvesting 

Aliquots (10 mL) from each experimental condition, growth phase 
and biological replicate were harvested by centrifugation (3440 ×g for 
20 min) to obtain cellular pellets. The supernatants were transferred to 
clean scintillation vials. Both the cell pellets and supernatant from all 
samples were stored at − 20 ◦C until extraction. 

2.4.1. Cellular pellet extraction 
Cell pellets were extracted with MeOH (10 mL) and vortex-mixed 

until homogenous. The extracts were sonicated on ice (2 min; 2 s on, 
3 s off; 40 % amplitude) using a probe sonicator (Qsonica, C.T., USA, 
Model Q500), followed by centrifugation (3440 ×g for 10 min). The 
MeOH was decanted into clean vials and evaporated to dryness using a 
vacuum concentrator at 45 ◦C (Savant SPD2010, SpeedVac Concen
trator). The residues were dissolved in MeOH (500 μL) and filtered (0.45 
μm PVDF centrifugal filters; Millipore Sigma) prior to analysis. 

2.4.2. Media extraction 
One replicate from each treatment was extracted to determine 

whether prymnesins were released into the media. 500 mg C18 Supelco 
SPE cartridges (Millipore Sigma) were pre-conditioned with MeOH (3 
mL) followed by H2O (3 mL). The supernatant (10 mL) was slowly 
loaded onto the cartridge before washing with H2O (3 mL). The car
tridges were eluted with MeOH (3 mL) and evaporated to dryness under 
N2 gas (35 ◦C). Residues were dissolved in MeOH (100 μL) and filtered 
through 0.45 μm PVDF centrifugal filters prior to analysis. 

2.5. LC-MS Analysis 

2.5.1. Untargeted prymnesin profiling by LC–HRMS 
An Agilent 1290 Infinity II LC equipped with a binary pump, 

temperature-controlled autosampler (10 ◦C) and column compartment 
(40 ◦C) (Agilent Technologies, Mississauga, ON, Canada) coupled to a Q 
Exactive HF Orbitrap mass spectrometer (ThermoFischer Scientific) 
with a heated electrospray ionization probe (HESI-II). Chromatographic 
separation was achieved using a Hypersil GOLD C18 column (Thermo
Fisher Scientific, 100 × 2.1 mm, 1.9 μm) using a different gradient for 
each prymnesin type with mobile phases composed of 0.1 % formic acid 
in both H2O (A) and MeCN (B). The flow rate and injection volumes were 
0.4 mL min− 1 and 5 μL, respectively. The ‘A-type’ gradient used for 
P. parvum UTEX-2797 samples was: 0–10 min, 42–50 % B; 10–10.1 min, 
50–99 % B; 10.1–12 min, 99 % B; followed by a 3 min re-equilibration at 
42 % B. The ‘B-type’ gradient used for P. parvum K-0374 samples was: 
0–10 min, 40–49 % B; 10–10.1 min, 49–99 % B; 10.1–12 min, 99 % B; 
followed by a 3 min re-equilibration at 40 % B. The ‘C-type’ gradient 
used for P. parvum PPSR01 samples was: 0–10 min, 34–44 % B; 10–10.1 
min, 44–99 % B; 10.1–12 min, 99 % B; followed by a 3 min re- 
equilibration at 34 % B. 

Full-scan acquisition was performed from m/z 800–2300 in positive 
mode. The spray voltage of the source was +4.5 kV, with a capillary 
temperature of 340 ◦C. The sheath and auxiliary gas were set at 40 and 
10 (arbitrary units). The auxiliary gas heater temperature was set at 
150 ◦C and the S-Lens RF level was set to 100. The mass resolution 
setting was 240,000 with an automatic gain control (AGC) target of 5 ×
106 and a maximum injection time of 512 ms per scan. 

2.5.2. Targeted Prymnesin Profiling by LC–MS/MS 
An Agilent 1260 LC equipped with a binary pump, temperature- 

controlled autosampler (10 ◦C) and temperature-controlled column 
compartment (40 ◦C) was coupled to a 4000 QTRAP mass spectrometer 
(Sciex, Concord, ON, Canada) with a turbospray ionization source. 
Selected reaction monitoring (SRM) acquisition was performed with 
positive ionization of the doubly charged prymnesin ions using a unique 
transition list for each prymnesin based on the most dominant analogues 
detected in the untargeted LC–HRMS acquisition (Table 1) based on 
prymnesins identified by Binzer et al. (2019). The spray voltage of the 
source was +5.0 kV, with a capillary temperature of 300 ◦C, and a 
declustering potential of 70. Chromatographic separation was the same 
as that used in Section 2.5.1. 

2.5.3. Data Analysis 
Prymnesin profiles were determined by measuring the peak area of 

the most abundant transition for each prymnesin analogue in the SRM 
transitions list (Table 1). The peak area was adjusted to peak area per 
cell to estimate the prymnesin cell quotas, however no quantitative data 
is available at this time due to the lack of available reference materials. 
Prymnesin profiles were adjusted to a relative scale based on pro
portions of the prymnesin analogues in each experimental condition to 
determine relative changes in profiles based on response to biotic and 
abiotic factors. 

3. Results 

3.1. Strain-specific growth curves and LC–HRMS screening of prymnesin 
analogs 

Three P. parvum strains, each belonging to a different chemotype, 
were selected to investigate the influence of growth phase, light, salinity 
and nitrogen availability on prymnesin production. Cell counts were 
taken every second day until early stationary phase to determine the 
appropriate harvesting dates and monitor the influence conditions had 
on growth rate. Growth curves of each strain acquired during the growth 
phase study are presented in Fig. 2. The growth curves from the other 
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treatments are presented in Fig. S1. During the growth phase experi
ment, the growth rates of P. parvum K-0374 (r = 0.37 ± 0.01) was higher 
than for P. parvum UTEX-2797 (r = 0.29 ± 0.02) and P. parvum PPSR01 
(r = 0.30 ± 0.01) (Table 2). For all strains grown during this trial, 

exponential phase occurred from day 2 to day 8, followed by stationary 
phase (when r = 0) beginning around day 10. The samples harvested on 
day 6 were representative of exponential phase, while those on days 14 
and 30 were of early- and late-stationary phases, respectively. 

Table 1 
LC-HRMS and LC–MS/MS details for the dominant prymnesins detected in the three P. parvum strains.  

P. parvum 
strain 

Prymnesin analog Neutral formula Accurate mass (m/z; 
[M + 2H]2+

Mass error 
(ppm) 

Retention time (min; 
LC–HRMS) 

SRM transition (m/z 
precursor→m/z product) 

CE 
(eV) 

UTEX-2797 
A-type 

PRM-A (3 Cl) + pentose 
(prymnesin-2) 

C96H136Cl3NO35  984.9068  1.6  5.75 986 → 920  20 

PRM-A (2 Cl) + pentose C96H137Cl2NO35  967.9251  0.4  5.33 969 → 903  20 
PRM-A (3 Cl) + 2 pentose +
hexose (prymnesin-1) 

C107H154Cl3NO44  1131.9531  0.3  4.73 1133 → 920  30 

PRM-A (2 Cl) + 2 pentose +
hexose 

C107H155Cl2NO44  1114.9725  0.2  4.46 1116 → 903  30 

K-0374  
B-type 

PRM-B (2 Cl) + pentose C90H129Cl2NO33  911.8983  − 0.2  5.33 913 → 847  20 
PRM-B (1 Cl) C85H122ClNO29  828.8975  0.8  4.97 830 → 812  20 
PRM-B (1 Cl) + pentose 
(prymnesin-B2) 

C90H130ClNO33  894.9161  − 2.1  4.87 896 → 830  20 

PRM-B (1 Cl) + pentose +
hexose 

C96H140ClNO38  975.9442  − 0.2  4.16 977 → 830  20 

PPSR01  
C-type 

PRM-C (3 Cl) + pentose C88H126Cl3NO35  931.8674  1.4  4.93 933 → 867  20 
PRM-C (3 Cl + DB) + pentose C88H124Cl3NO35  930.8594  1.2  4.52 933 → 867  20 
PRM-C (2 Cl) + pentose C88H127Cl2NO35  914.8860  0.5  4.47 915 → 849  20 
PRM-C (2 Cl + DB) + pentose C88H125Cl2NO35  913.8779  0.2  4.08 915 → 849  20 
PRM-C (2 Cl + DB) + 2 pentose 
+ hexose 

C99H143Cl2NO44  1060.9281  2.6  3.33 1062 → 849  20 

PRM-C (2 Cl) + 2 pentose +
hexose 

C99H145Cl2NO44  1061.9354  2.2  3.66 1062 → 849  20 

PRM-C (3 Cl) + 2 pentose +
hexose 

C99H144Cl3NO44  1078.9165  2.7  3.98 1080 → 867  20 

PRM-C (3 Cl + DB) + 2 pentose 
+ hexose 

C99H142Cl3NO44  1077.9090  3.0  3.62 1080 → 867  20  

Fig. 2. Growth curves and corresponding LC–HRMS total ion chromatograms (m/z 800–2300) for (A) P. parvum UTEX-2797, (B) P. parvum K-0374 and (C) P. parvum 
PPSR01. The harvest dates for the growth phase experiment are indicated by (*) symbols. Solid symbols (▾, ●, ■) represent biological replicates. The green star 
indicates the sample (day 14) associated with the representative LC–HRMS total ion chromatogram. The structurally characterized prymnesins are labelled in blue, 
and the other dominant prymnesin analogs detected across the experimental studies are labelled in black. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Cell counts were monitored during the abiotic treatment studies to 
evaluate the influence of the different conditions on growth rates. There 
were no statistically significant differences between any growth rates for 
all strains when comparing each condition (p-values >0.05), however 
there were only duplicates in each treatment minimizing statistical 
power (Table 2). When comparing the nitrogen treatments, all cultures 
grown under low N:P conditions (10N:1P) reached stationary phase 
faster resulting in a decreased population size compared to cultures 
grown under nitrogen replete conditions (24N:1P) (Fig. S1). P. parvum 
K-0374 and PPSR01 showed decreases in maximum population size 
when grown in 10 psu salinity compared to 30 psu (Fig. S1). Samples of 
each replicate were harvested on day 10 and day 30 (Fig. S1). The 
growth phase of samples harvested on day 10 differed depending on 
conditions (i.e. 10N:1P was in stationary phase), however all samples 
were in late stationary phase by day 30. 

Representative LC–HRMS full-scan chromatograms of each strain in 
early stationary phase are presented (Fig. 2) where each strain produced 
one prymnesin type, with multiple analogs, as described by Binzer, et al. 
[11]. The four dominant prymnesin analogs detected in P. parvum UTEX- 
2797 were prymnesin-1, prymnesin-2, PRM-A (2 Cl) + pentose and 
PRM-A (2 Cl) + 2 pentose + hexose (Fig. 2D). In P. parvum K-0374, 
prymnesin-B2, PRM-B (2 Cl) + pentose and PRM-B (1Cl) + pentose +
hexose were most abundant (Fig. 2E). Notably, no prymnesin-B1, one of 
the two structurally characterized B-Type prymnesins, was detected in 
this culture. P. parvum PPSR01 was more complex with numerous 
double-bond-containing backbones and increased levels of glycosylation 
[11]. The four dominant peaks were PRM-C (2 Cl + DB) + pentose, PRM- 
C (2 Cl) + pentose, PRM-C (3 Cl + DB) + pentose and PRM-C (3 Cl) +
pentose (Fig. 2F). PRM-C (2 Cl) + pentose and PRM-C (3 Cl + DB) +
pentose co-eluted; however, distinct peaks were measured due to vari
ations in their SRM transitions (Fig. S2). Additionally, di- and tri- 
glycosylated prymnesin analogs eluted from 3.6 to 4.0 min, revealing 
the presence of a complex mixture of unidentified prymnesins. Of these 
analogs, the most dominant were included in the SRM transition list 
(Table 1). 

The LC–HRMS identification of the dominant prymnesin analogs in 
the cultures informed the SRM transitions selected for targeted LC–MS/ 
MS method development (Fig. S2). The LC–MS/MS acquisition provided 
semi-quantitative data for measuring prymnesin analogs, but given the 
lack of analytical reference materials, absolute quantitation of prym
nesin analogs was not feasible. Prymnesin cell quotas were estimated by 
combining the peak areas (of the molecular ion transition) for each 
prymnesin and adjusting for cell concentration (total prymnesin per 
cell). However, this assumes that all prymnesin analogs of have a similar 

MS response. Due to these limitations, comparisons will only be made 
between each treatment condition (control vs. treatment) within a 
species, with observations of general trends in prymnesin cell quotas 
between conditions and strains. 

The prymnesin profiles described focus on the intracellular prym
nesins in the cellular pellets. Samples of the media were analyzed to 
determine the level of extracellular prymnesins. In P. parvum UTEX- 
2797, <3 % of total prymnesin peak-area-per-cell was present in the 
media across all treatments (Fig. S3). In P. parvum K-0374, the percent of 
total prymnesin peak area present in media was <3 % with the exception 
of 30 psucondition which had ~6 % of total prymnesins present in the 
medium (Fig. S3). Finally, <0.3 % of total prymnesin produced by 
P. parvum PPSR01 were present in the media (Fig. S3). Due to the low 
levels of prymnesins detected, the prymnesins profiles from the media 
were not included in the comparisons of the culture treatments. 

3.2. Growth phase influence on prymnesin profiles 

Four A-type prymnesins were monitored in P. parvum UTEX-2797 to 
investigate changes in profiles during the growth phase study. 
Prymnesin-2 was dominant during exponential phase (day 6) (74 ± 3 
%), however it only represented 29 ± 2 % per cell after 14 days and 26 
± 1 % after 30 days (Fig. 3A). Compared to exponential phase, there was 
a higher proportion of tri-glycosylated prymnesins and PRM-A (2 Cl) +
pentose in later growth phases, which had similar prymnesin profiles at 
days 14 and 30. However, there was an increase in prymnesin cell quota 
in late stationary phase (Fig. S4). 

Prymnesin-B2 dominated the profile of P. parvum K-0374 during the 
growth phase study (68–83 %). An increase in the proportion of PRM-B 
(1 Cl) + pentose + hexose and a relative decrease of PRM-B (2 Cl) +
pentose was observed from exponential to stationary phase (Fig. 3B). 

P. parvum PPSR01 produced a variety of prymnesin analogues with 
various levels of glycosylation, chlorination, and presence of double 
bonds in the backbones, consistent with data presented by Binzer et al. 
(2019). Eight dominant peaks were monitored across the treatments 
although additional analogs were observed at low abundances using 
LC–HRMS (Fig. 2, Table 1). In the growth phase experiments the 
prymnesin profiles changed substantially where during exponential 
phase, PRM-C (2 Cl + DB) + pentose and PRM-C (3 Cl + DB) + pentose 
dominated the profile (Fig. 3C). In early stationary phase, the proportion 
of the PRM-C (2 Cl) + pentose analog increased, while the profile 
remained primarily composed of pentose analogs. In late stationary 
phase there was a proportional increase of tri-glycosylated analogs 
relative to the earlier growth phases, including PRM-C (3Cl + DB) + 2 

Table 2 
Experimental treatment details and significance data of P. parvum growth rates (r ± SD) of three P. parvum strains used to investigate the influence of biotic and abiotic 
factors on prymnesin profiles.  

Experiment Biological replicates Harvest (day) Treatment UTEX2797  
A-Type 

K0374  
B-type 

PPSR01 C-type 

Growth rate (day− 1) 
r ± SD 

Growth phaseb 3a 6 Exponential 0.29 ± 0.02 0.37 ± 0.01 0.30 ± 0.01 
14 Early stationary 
30 Late stationary 

Nitrogen 2 10, 30 24N:1P 0.30 ± 0.01 0.35 ± 0.01 0.27 ± 0.02 
10N:1P 0.32 ± 0.01 0.36 ± 0.00 0.25 ± 0.01 
p-value (24N:1P vs 10N:1P) 0.279 0.577 0.594 

Salinity 2 30 psu 0.34 ± 0.02 0.36 ± 0.02 0.33 ± 0.02 
10 psu 0.25 ± 0.00 0.37 ± 0.03 0.21 ± 0.02 
p-value (30 psu vs 10 psu) 0.063 0.800 0.051 

Light 2 30 μmol m− 2 s− 1 0.40 ± 0.01 0.46 ± 0.02 0.33 ± 0.02 
100 μmol m− 2 s− 1 0.40 ± 0.03 0.37 ± 0.02 0.25 ± 0.00 
p-value (30 μmol m− 2 s− 1 vs 100 μmol m− 2 s− 1) 0.924 0.107 0.073 

p-values determined using two-tailed t-test (significance at 95 % confidence, n = 2 for each treatment). 
a UTEX 2797, n = 2 (broken flask). 
b Conditions: 24N:1P, 30 psu, 30 μmol m− 2 s− 1 and 20 ◦C. 
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Fig. 3. Relative proportions of dominant prymnesin analogs in P. parvum UTEX-2797 (A), K-0374 (B) and PPSR01 (C) at different growth phases (exponential – day 
6, early stationary – day 14, late stationary – day 30) (error bars = SD, n = 2 for A, n = 3 for B–C). Known prymnesins were (A) prymnesin-1: PRM-A (3Cl) + 2 
pentose + hexose (dark green), prymnesin-2: PRM-A (3Cl) + pentose (dark blue) and (B) prymnesin-B2: PRM-B (1Cl) + pentose (teal). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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pentose + hexose and PRM-C (2 Cl + DB) + 2 pentose + hexose. 

3.3. Abiotic factors influencing A-type prymnesin profiles of P. parvum 
UTEX-2797 

Abiotic factors were assessed in P. parvum UTEX-2797 cultures sub- 
sampled after 10 days. Low N:P conditions resulted in an increased 
proportion of prymnesin-1 and PRM-A (2 Cl) + 2 pentose + hexose 
compared to cells in high nitrogen conditions (24N:1P) (Fig. 4A). The 
highest proportion of prymnesin-1 (34 ± 1 %) was observed in low N:P 
media compared to all other treatments studied and cells had higher 
prymnesin cell quotas than those grown in high nitrogen media 
(Fig. S4). Growth at a low salinity (10 psu) led to higher proportions of 
prymnesin-2 than those grown at high salinity (30 psu) (Fig. 4B). Less 
than 5 % of prymnesin analogs in cells grown at low salinity had di- 
chlorinated backbones (Fig. S5). A greater proportion of prymnesin-1 
was detected in cultures grown at higher light conditions (100 μmol 
m− 2 s− 1) compared to low light (30 μmol m− 2 s− 1) (Fig. 4C), which 
comprised 23.6 ± 0.1 % of the profiles at higher light compared to <6 % 
of those grown at the lower light. Total prymnesin cell quotas were 
higher in cells grown under high light to those grown at low light 
(Fig. S4). 

After 30 days, the prymnesin profiles of cultures grown under 
various conditions were similar, with the exception of those grown at 
low salinity (Fig. 5). These conditions resulted in a higher proportion of 
tri-chlorinated prymnesins than all other treatments (Fig. S5). All con
ditions resulted in an increase in di-chlorinated prymnesins after 30 days 
compared to day 10 (Fig. S5). Similar trends occurred for the level of 
glycosylation, where the proportion of tri-glycosylated prymnesins 
increased after 30 days of growth with the exception of cultures grown 
in low N:P conditions (Fig. S5). These cultures had already reached 
stationary phase at day 10 (Fig. S1), which may have led to faster for
mation of tri-glycosylated prymnesins. Prymnesin cell quotas in 
P. parvum UTEX-2797 were approximately ten times higher in late sta
tionary (day 30) phase than in exponential phase (day 6) (Fig. S4), while 
prymnesin cell quotas were variable across other treatments in late 
stationary phase (Fig. S4). The lowest total prymnesins were seen in cells 
grown at low N:P, and cultures grown at low salinity had lower prym
nesin cell quotas than those grown at high salinity (Fig. S4). 

3.4. Abiotic factors influencing B-type prymnesin profiles of P. parvum K- 
0374 

After 10 days of growth, the B-type prymnesin profiles in P. parvum 
K-0374 showed minimal variability between the different nitrogen 
(Fig. 6A), salinity (Fig. 6B) and light (Fig. 6C) conditions. Prymnesin-B2 
was the most dominant prymnesin under all conditions. A slightly higher 
proportion of the di-glycoside PRM-B (1 Cl) + pentose + hexose was 
produced in low N:P medium compared to high nitrogen medium, and in 

low salinity than in high salinity media. A small proportion of the 
aglycone PRM-B (1 Cl) was also detected after growth in 10 psu salinity. 
Prymnesin cell quotas were higher in the cultures grown at low light 
than at high light conditions and in low N:P medium than in higher 
nitrogen medium (Fig. S6). 

After 30 days of growth, the P. parvum K-0374 cultures had similar 
prymnesin profiles regardless of growth conditions. Prymnesin-B2 was 
the most abundant analog, followed by PRM-B (1 Cl) + pentose + hexose 
and PRM-B (2 Cl) + pentose (Fig. 7). P. parvum K-0374 cells had 
increased levels of glycosylation and decreased levels of chlorination in 
stationary phase (Fig. S7). Compared to day 10 cultures, an increase in 
the PRM-B (1Cl) aglycone remained in the low salinity media, at 
approximately 3 % of the total prymnesin profile. This was the only 
exogenous aglycone analog detected across all strains and treatments. 
Within-treatment comparisons of the prymnesin cell quotas at day 30 
showed the same general trends as those observed in P. parvum UTEX- 
2797 (Fig. S6B). Increased toxin levels were measured at late station
ary phase compared to early stationary phase, in 24N:1P than in 10N:1P 
and in 30 psu salinity than in 10 psu. 

3.5. Abiotic factors influencing C-type prymnesin profiles of P. parvum 
PPSR01 

While eight C-type prymnesins were monitored and used to calculate 
prymnesin profiles, only the four dominant C-type prymnesins (pentose 
analogues) in P. parvum PPSR01 are presented in Fig. 8 to show the 
largest differences in the profiles. Detailed profiles of all eight analogs 
using stacked columns are summarized in Figs. S8–9. Considerable dif
ferences in C-type profiles were observed between abiotic conditions 
(Fig. 8A–C). A proportional increase of PRM-C (2 Cl) + pentose and 
PRM-C (3 Cl) + pentose compared to the analogs containing suspected 
double bonds was detected in cultures grown in 10N:1P media 
compared to 24N:1P media (Fig. 8A). Growth at 30 psu salinity was 
similar to other control samples, with PRM-C (2 Cl + DB) + pentose and 
PRM-C (3 Cl + DB) + pentose dominating the profile (Fig. 8C), while the 
profiles of cultures grown in 10 psu were dominated by PRM-C (3 Cl) +
pentose and PRM-C (3Cl + DB) + pentose. Under low salinity, tri- 
chlorinated prymnesin analogs comprised over 90 % of total prymne
sins (Fig. S10), while the prymnesin cell quotas under both salinity 
conditions were similar (Fig. S11). Cultures grown under high light 
conditions had an increased proportion of PRM-C (3 Cl) + pentose and 
higher prymnesin cell quotas than at low light conditions. 

After 30 days of growth, there was an increase in the proportion of 
tri-glycosylated prymnesin analogs (Fig. S9; Fig. S10), with increased 
proportions of both PRM-C (3 Cl) + 2 pentose + hexose and PRM-C (3 Cl 
+ DB) + 2 pentose + hexose across all treatments. The cultures har
vested from the low salinity medium had an increased proportion of di- 
chlorinated analogs on day 30 compared to day 10, but the tri- 
chlorinated analogs remained dominant compared to the other 

Fig. 4. Relative proportions of dominant A-type prymnesin analogs in P. parvum UTEX-2797 harvested at day 10 grown in different conditions: (A) nitrogen 
availability (24N:1P, 10N:1P) (B) salinity (30 psu, 10 psu) and (C) light irradiance (100 μmol m− 2 s− 1, 30 μmol m− 2 s− 1) (error bars = SD, n = 2). Known prymnesins 
were prymnesin-1: PRM-A (3Cl) + 2 pentose + hexose (green) and prymnesin-2: PRM-A (3Cl) + pentose (dark blue). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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treatments at approximately ~72 %. (Fig. 9, Fig. S10). P. parvum 
PPSR01 prymnesin cell quotas showed similar trends to the other 
strains, where higher toxin levels were observed in late stationary phase 
in the 24N:1P medium compared to the 10N:1P medium and at a salinity 
of 30 psu compared to 10 psu (Fig. S11). 

4. Discussion 

Strain-specific toxicity has been demonstrated in various harmful 
algae like Pseudo-nitzchia and Alexandrium [25–27], and the same trend 
is believed to be true for Prymnesium [20]. In this study, strain-specific 
variability in prymnesin cell quotas and profiles across experimental 
conditions were observed. Prymnesin cell quotas at day 10 in P. parvum 
K-0374 were higher in cultures grown under lower light conditions, 
while in P. parvum UTEX-2797 and PPSR01 higher levels were observed 
under higher irradiance. A recent study gave similar results, with 
prymnesin cell quotas of two B-type producing strains, where P. parvum 
K-0374 responded similarly to this study with higher prymnesin cell 
quotas under low irradiance, while the other P. parvum strain had higher 
toxin levels with higher light irradiance [12]. In this work, the influence 
of abiotic and biotic factors had a more pronounced effect on the 
prymnesin profiles of P. parvum UTEX-2797 and PPSR01 than P. parvum 
K-0374. Specifically, the prymnesin profiles of P. parvum K-0374 

remained similar across most treatments. Taken together, these findings 
suggest that factors influencing prymnesin profiles and quotas are strain- 
specific, and independent of growth rate. 

Although strain-specific responses to different treatments were 
observed, there were some general trends shared across strains. Prym
nesins were produced throughout the growth phases. However, the 
prymnesin profiles changed as cultures reached stationary phase. There 
is evidence that hemolytic activity of P. parvum cultures is highest in the 
stationary phase [13,14,28]. Increased toxicity during stationary phase 
could be associated with increased prymnesin concentration and/or 
with an increased proportion of specific prymnesin analogs. Within this 
study, an increased degree of glycosylation occurred in late stationary 
phase for all treatments. Increased glycosylation could be a result of 
carbohydrate accumulation in stationary phase as a means to dissipate 
photosynthetic energy [29], however this requires additional investi
gation. Two of the three strains studied exhibited a decreased degree of 
chlorination of prymnesins in stationary phase. After 30 days of growth, 
the prymnesin profiles of P. parvum UTEX-2797 had a higher proportion 
of prymnesin analogs with three chlorines relative to those containing 
two chlorines than at day 10 (Fig. S5). At the same time, P. parvum K- 
0374 shifted from di-chlorinated backbones to ones that contained only 
one chlorine (Fig. S7). However, this trend was not observed in 
P. parvum PPSR01, where the percentage of tri-chlorinated analogs in 

Fig. 5. Relative proportions of A-type prymnesin analogs in P. parvum UTEX-2797 harvested after growing for 30 d (late stationary phase) under different conditions 
(error bars = SD, n = 2). Known prymnesins were prymnesin-1: PRM-A (3Cl) + 2 pentose + hexose (dark green) and prymnesin-2: PRM-A (3Cl) + pentose (dark 
blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Relative proportions of dominant B-type prymnesin analogs in P. parvum K-0374 harvested at day 10 grown in different conditions: (A) nitrogen availability 
(24N:1P, 10N:1P) (B) salinity (30 psu, 10 psu) and (C) light irradiance (30 μmol m− 2 s− 1, 100 μmol m− 2 s− 1) (error bars = SD, n = 2). Known prymnesin was 
prymnesin-B2: PRM-B (1Cl) + pentose (teal). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 7. Relative proportions of B-type prymnesin analogs in P. parvum K-0374 harvested after growing for 30 d (late stationary phase) under different conditions 
(error bars = SD, n = 2). Known prymnesin was prymnesin-B2: PRM-B (1Cl) + pentose (green). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 8. Relative proportions of the four dominant C-type prymnesin (pentose) analogs in P. parvum PPSR01 harvested at day 10 grown in different conditions: (A) 
nitrogen availability (24N:1P, 10N:1P), (B) salinity (30 psu, 10 psu) and (C) light irradiance (30 μmol m− 2 s− 1, 100 μmol m− 2 s− 1) (error bars = SD, n = 2). 

Fig. 9. Proportion of the for dominant C-type prymnesin (pentose) analogs per cell of P. parvum PPSR01 harvested after growing for 30 d (late stationary phase) 
under different conditions (error bars = SD, n = 2). 
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PPSR01 decreased from exponential phase into early stationary phase 
but increased again in late stationary phase (Fig. S8). 

The effect that chlorination or glycosylation has on prymnesin 
toxicity has yet to be investigated due to the limited availability of 
isolated and structurally characterized prymnesin analogs. To date, the 
only comparison of relative toxicity has shown that the A-type tri- 
glycosylated prymnesin-1 and the singly glycosylated prymnesin-2 
have similar ichthyotoxicity and hemolytic activity [30]. Prymnesin-2 
and prymnesin-B1 had significantly different toxicities in the fish gill 
cell bioassay, with prymnesin-2 being six times more potent [9]. Both of 
these prymnesins are singly glycosylated, although they vary in their 
chlorination and backbone structures. In order to assess the effects of 
these structural variations, future work will need to focus on isolating 
and accurately quantifying individual prymnesin analogs with various 
levels of glycosylation, chlorination, and backbone structures to gain 
insights into analog-specific toxicity. This work has provided evidence of 
changes in abiotic factors and growth phases that control the production 
of these analogs, which can be exploited to target specific prymnesins for 
isolation, toxicity studies and reference material development. 

Tri-chlorinated analogs dominated the profiles of P. parvum UTEX- 
2797 and PPSR01 when grown under low salinity with <5 % of the 
prymnesins being di-chlorinated when harvested after 10 days. While 
slightly higher levels of di-chlorination were observed in late stationary 
phase, the tri-chlorinated prymnesin analogs remained dominant. The 
cultures grown in 30 psu and 10 psu salinities were inoculated from 
cultures acclimated at 10 psu, however the cultures collected from 30 
psu salinity showed similar profiles to the other treatments. This may 
imply a tightly controlled regulation of prymnesin production based on 
salinity conditions, the mechanisms of which warrant further 
investigation. 

P. parvum cells tolerate a wide range of salinities, where optimal 
growth conditions may not align with toxicity [31,32]. The major 
changes observed in prymnesin profiles at lower salinity (10 psu) may be 
particularly relevant, as P. parvum blooms typically occur in lower sa
linities such as those in brackish waters (~3–8 psu) [31]. To date, there 
are no data for the prymnesin profiles during P. parvum blooms, but 
several studies have evaluated P. parvum toxicity at different salinities. 
Earlier studies showed that increased salinity results in lower toxicity of 
some P. parvum strains [33]. However, there have since been contra
dictory findings that suggest that salinity’s influence on toxicity is strain- 
specific [7,18]. This agrees with results presented here, where changes 
were observed for P. parvum UTEX-2797 and PPSR01 strains, however, 
chlorination levels in P. parvum K-0374 were stable between the salinity 
treatments. It should be noted that the prymnesins in P. parvum K-0374 
had lower degrees of chlorination. Taken together, these results from 
lower salinity media suggest that monitoring prymnesin profiles during 
harmful algal blooms may provide insight into the effects of changing 
environmental conditions on chlorination and toxicity of P. parvum. 

This study focused on intracellular prymnesins, but due to recent 
studies showing that up to 30 % of prymnesins may be released into the 
media [12], we analyzed the media from each strain and treatment for 
the presence of prymnesins. The levels of prymnesins in the media (< 6 
%) were lower in this study, appearing to be strain-specific and poten
tially influenced by both growth stage and abiotic factors. P. parvum 
PPSR01 consistently released <0.3 % of total prymnesins, while up to 6 
% was released by P. parvum K-0374 (Fig. S3). The prymnesin profiles in 
the medium were not investigated further due to the low levels relative 
to the cells. The presence of different ratios of bacteria in the growth 
media (and possible photodegradation) may impact the extent of 
extracellular prymnesin profiles observed [12,34]. Cultures used in this 
study were not axenic, leading to the potential of bacterial lysis of algal 
cells and transformation of released prymnesins that could bias results 
obtained from the media [35]. In the future, comparing the profiles of 
intracellular and extracellular prymnesin analogs may provide addi
tional information on the effects that biotransformation or photo
degradation may have on the relative toxicity of prymnesins released 

into the environment. 
Research on P. parvum toxicity to date has been limited by a lack of 

available reference materials. This study provides novel insight into the 
trends of prymnesin analogs associated with factors previously linked to 
differences in culture toxicity in some strains. Future work will focus on 
developing qualitative and quantitative reference materials, linking 
bioassays with prymnesin profiles, to further increase the understanding 
of prymnesin toxins, inform policy and support environmental moni
toring of these algal biotoxins. 
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