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Bioassays using cultures of the toxic haptophyte Prymnesium parvum and the ciliate Cyclidium sp. as
prey were conducted to test the effect of pH (range = 6.5 — 8.5), salinity (range = 1.50 — 7.50%¢), and a
combination of pH and salinity on the toxicity of P. parvum. pH had a significant effect on P. parvum
toxicity. Toxicity was rapidly (within 24 hr) induced by increasing pH of the medium, or reduced by
lowering pH. Conversely, lowering salinity reduced toxicity, albeit less effectively compared to pH,
and P. parvum cells remained toxic at the lowest values tested (1.50%. at pH 7.5). An additional effect
between pH and salinity was also observed: low salinity combined with low pH led to not only
decreased toxicity, but also resulted in lower P. parvum growth rates. Such effects of pH and salinity
on P. parvum growth and toxicity provide insight into the environmental factors supporting commu-
nity dominance and toxic blooms of the alga.
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Introduction Carpenter et al. 2018; Carvalho and Granéli 2010;
Granéli and Johansson 2003a; Lindehoff et al.

Prymnesium parvum, often referred to as the 540 Tjlmann 2003). Additionally, toxicity resulting
Golden Alga, is a mixotrophic haptophyte that con- i yhe death of presumably non-target species has

sumes a wide variety of planktonic microorganisms. 415 peen commonly observed during massive
Numerous studies have demonstrated that the cap-  15oms of the alga. Significant among these latter

ture and consumption of MICroscopic prey CON-  gtacs are fish kills that have been reported for dec-
tribute directly to carbon and/or nutrient acquisition ades in conjunction with P. parvum blooms

by the alga (Brutemark and Graneli 2011; (Holdway et al. 1978; Johnsen et al. 2010;
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Otterstram and Steeman Nielsen 1940). The wide
spectrum of trophic levels that the alga can affect
has resulted in the description of P. parvum blooms
as ‘Ecosystem Disruptive Algal Blooms’; EDABs
(Brooks et al. 2011; Jones et al. 2018; Michaloudi
et al. 2008).

Prymnesins are well known toxins produced by P.
parvum (Manning and La Claire 2010). Although
other toxic compounds produced by this species
exist, they are still poorly characterized (Taylor
et al. 2020). At least some of these compounds
aid prey capture through cell-to-cell contact, a
mechanism that also explains presumably non-
target mortality of zooplankton and fish (Remmel
and Hambright 2012; Sopanen et al. 2006;
Tillmann 2003). Allelopathic compounds have also
been attributed to P. parvum as well as the possibil-
ity that they may serve as deterrents to grazing
(Blossom et al. 2014b; Fistarol et al. 2003; Granéli
and Salomon 2010; Granéli et al. 2012;). The con-
centrations and/or types of toxic compounds appear
to vary among strains of P. parvum (Rasmussen
et al. 2016; Weissbach and Legrand 2012) but addi-
tionally are affected by a range of environmental and
physiological factors. Parameters studied for their
effects on the alga’s toxicity have included nitrogen
and phosphorus sufficiency and limitation, salinity,
temperature and pH (Baker et al. 2007; Carvalho
and Granéli 2010; Hambright et al. 2014; Larsen
et al. 1998). The findings of these various studies
have yielded some generalities but also some con-
flicting results, in part due to variability in the inher-
ent toxin composition of different strains of the
alga (Binzer et al. 2019), and the type of assay
employed. Hemolytic, neurotoxic, cytotoxic and
ichthyotoxic effects have been examined and con-
firmed using an array of model systems and bioas-
says (Manning and La Claire 2010).

P. parvum is globally distributed, and appears to
have a rather wide tolerance for environmental con-
ditions. The species is euryhaline and has been
reported growing in full strength seawater but also
in ecosystems with salinity as low as 0.5%o
(Larsen et al. 1998; Roelke et al. 2016). The pres-
ence of P. parvum has been reported in nearly half
of the continental U.S. states (Roelke et al. 2016).
This expansive distribution is believed to be due,
in part, to salinization of inland waters which has
made some ecosystems more conducive to its pro-
liferation and success. Natural and anthropogenic
nutrient enrichment of freshwater bodies also con-
tribute to the wide occurrence of P. parvum

(Hambright et al. 2014). However, community dom-
inance and resulting fish kills are a relatively new
phenomenon across the southwestern U.S.. Fish-
killing blooms of the alga were first documented in
Texas state waters in the mid-1980s (Prosser
et al. 2012; Roelke et al. 2011; Southard et al.
2010), and fish kills attributable to P. parvum in that
state alone have affected numerous fish species
and resulted in fish mortalities numbering in the tens
of millions. Since the first documentation of fish kills
in Texas, the list of southwestern U.S. states that
have experienced these events has increased,
resulting in the characterization of the alga as an
invasive species (Hambright et al. 2014).

Lake Mission Viejo in Mission Viejo, Orange
Country, California, USA is an approximately 51
hectare (125 acres) man-made lake whose con-
struction began in 1974. The lake is a prized recre-
ational/residential waterbody, renowned for its
recreational fishing. Lake Mission Viejo is bermed
around its shore, preventing urban and yard runoff
into the lake in an effort to maintain good water qual-
ity. Water level has been controlled via the addition
of several water sources to address seepage and
evaporative losses. Nitrogen and phosphorus con-
centrations in the lake have remained relatively
low for nearly half a century due to effective water
management (presently, phosphate concentrations
are typically ~0.11 uM and ammonium + nitrate
concentrations are typically ~ 0.81 uM (Roohk
2019), while pH has remained relatively stable albeit
somewhat high, generally 8-8.5 (Roohk 2019)). In
contrast, electrical conductivity (a proxy for salinity)
has increased nearly linearly throughout the ~50-
year history of the lake from ~0.65 to ~2.40%o in
2020. The gradual increase in salt concentration is
a result of water replenishment combined with evap-
orative losses of water (Roohk 2019).

A minor bloom of P. parvum in November 2014
decimated the fish population of Lake Mission Viejo,
and the alga has sporadically continued to cause
fish Kills since that time. Microscopical assessments
at the time and since the initial fish kill revealed the
presence of P. parvum, but at abundances (Roohk
2019) that were much lower than algal abundances
that have led to fish kills in other regions. While most
ecosystems have experienced fish kills caused by
P. parvum at abundances > 10* cells ml™"
(Roelke et al. 2011; VanLandeghem et al. 2015),
Lake Mission Viejo has experienced repeated mor-
tality events at abundances of 100 s to 1,000 s of
cells ml~'. Nonetheless, repeated fish kills have



implicated P. parvum as the causative factor in
these mortality events in Lake Mission Viejo,
although the specific environmental factors explain-
ing the extreme toxicity of the alga in the lake have
remained unclear.

Knowledge of how specific environmental factors
affect the toxicity of P. parvumin Lake Mission Viejo
can improve our understanding of toxin production
by the strain of this haptophyte inhabiting the lake.
Toward this end, we developed a toxicity bioassay
using a P. parvum culture isolated from the lake,
and Cyclidium sp., a ciliate that is readily attacked
and killed by the alga. A range of pH values, salini-
ties and combinations of various pH and salinity val-
ues that bracketed historical and present-day values
of these parameters in the lake were investigated
using the newly developed bioassay. The results
of this study demonstrated that high pH and high
salinity (comparable to present-day conditions in
Lake Mission Viejo) both yielded more toxic P. par-
vum, although the effect of pH was more pro-
nounced. Conversely, low pH and low salinity
resulted in the lowest toxicity of the alga. Addition-
ally, the growth rate of the alga was reduced at com-
bined low pH and low salinity relative to higher
values of these parameters. The results from these
bioassays provide information that explain the high
toxicity of P. parvum presently observed in Lake
Mission Viejo, and may help guide future lake man-
agement aimed at reducing community dominance
and toxicity of the toxic haptophyte.

Results

The bioassay setup was designed to compare mor-
tality in cultures of the ciliate, Cyclidium sp., in the
presence (Experimental treatments) and absence
(Control treatments) of P. parvum incubated at var-
ious pH and salinity values. That is, Cyclidium sp.
mortality was used as a proxy for comparing P. par-
vum toxicity. Bioassays were conducted for a range
of pH values at a constant salinity, a range of salinity
values at a constant pH, and a combination of vari-
ous pH and salinity values. Only recently has Lake
Mission Viejo experienced toxic P. parvum blooms,
and it is unclear if these occurrences are a conse-
quence of recent invasion by the haptophyte or
changing pH and salinity conditions in the lake.
These parameters have varied independently since
the lake was created, although previous studies of
the toxicity of P. parvum have indicated that they
may work in concert. Therefore, we first tested them
separately, and then in combination.

Effect of pH on P. parvum Toxicity

Bioassays included testing a range of pH values
(6.5-8.5) at a constant salinity of 2.50%¢ in order
to assess the response of P. parvum toxicity to dif-
ferent pH values. This range encompasses the pre-
sent average pH of the lake (8.3), and lower values
that are target values for reducing lake pH through
existing management strategies. The toxicity of P.
parvum towards the ciliate Cyclidium sp. was sub-
stantially reduced in bioassays conducted at low
pH relative to bioassays conducted at high pH
across the range of pH values examined (Fig. 1).
Changes in the abundance of the ciliate in the pH
6.5 treatment were similar in the Experimental (gray
bars in Fig. 1a) and Control treatments (white bars in
Fig. 1a), indicating no significant toxic effect of the
alga on the ciliate at that pH. In contrast, ciliate
abundances in treatments at pH 7.0, 7.5, 8.0 and
8.5 exhibited differences between Experimental
and Control treatments (gray bars vs white bars,
respectively, in Fig. 1b-e), with Cyclidium sp. abun-
dances decreasing more significantly in the pres-
ence of P. parvum compared to flasks without the
alga by day 3 (two-way ANOVA, p < 0.001). Such
difference between the Experimental and Control
treatments reflect Cyclidium sp. mortality due to P.
parvum toxicity. Linear regression analysis con-
firmed a significant effect of pH on Cyclidium sp.
mortality in Experimental treatments (p< 0.001)
whereby higher pH led to greater decreases in
Cyclidium sp. abundance. Linear regression did
not reveal any significant effect of pH on changes
in Cyclidium sp. abundance among the Control
treatments (p > 0.05).

Ciliate abundance in the Experimental treatment
at pH 6.5 increased by 260 % relative to starting
abundance over the course of the bioassay. That
change was significantly greater than values from
Experimental treatments at all other pH values
tested (>pH 7.0; two-way ANOVA, p < 0.001). Cili-
ate abundance in the Experimental treatment at
pH 7.0 also increased by day 3 (25 % relative to ini-
tial abundance). That change was also significantly
greater than values from Experimental treatments
conducted at pH 7.5, 8.0 and 8.5 (two-way ANOVA,
p<0.001). Changes in ciliate abundance in the
Experimental treatments at pH 7.5, 8.0 and 8.5 were
all negative (i.e. there were decreases in ciliate
abundances relative to the start of the bioassay)
and there were no significant differences in ciliate
abundances among these three treatments (two-
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Figure 1. Daily average abundances (error bars: standard deviation; n = 3) of ciliate prey (Cyclidium sp.) in pH
bioassays conducted for three days. Experimental treatments were exposed to P. parvum (gray bars) while
Control treatments (white bars) had no algae present. The ‘pH 6.5-8.5' bioassay began at pH 6.5, but pH of the
medium was adjusted to 8.5 after one day (arrow in panel), as noted in the Methods. The ‘pH 8.5-6.5’ bioassay
began at pH 8.5, but pH of the medium was adjusted to 6.5 after one day. The salinity of all treatments was
2.5%o.

way ANOVA, p> 0.05). That is, toxicity of the alga  cating no apparent direct effect of pH on the ciliate
between pH 7.5 and 8.5 was indistinguishable in  (white bars in Fig. 1). Ciliate abundances in all Con-
the bioassays. Changes in ciliate abundances were  trols (i.e. the absence of P. parvum) increased dur-
similar and positive (i.e. positive net growth) in all ing the first 48 h and then decreased slightly
Control flasks during the three-day bioassays, indi-  presumably due to changes in the availability of



residual bacterial prey carried over from the stock
cultures.

Rapid Changes in P. parvum Toxicity Following
Changes in pH

The effects of pH on Cyclidium sp. mortality in the
presence of P. parvum occurred rapidly (within
one day) with changes in the pH of the cultures
(Fig. 1f,g). Therefore, two bioassays were con-
ducted at constant salinity (2.50%0) to characterize
the degree to which P. parvum toxicity was altered
by a rapid shift in pH. The 6.5-8.5 and 8.5-6.5 treat-
ments had pH 6.5 or 8.5, respectively, at the begin-
ning of the bioassay (between day 0 — 1), and the pH
of the culture medium was then adjusted to the other
extreme (8.5 or 6.5, respectively) after sampling on
day 1. Toxicity of the P. parvum responded rapidly
and reversibly to changes in pH. That is, toxicity in
cultures initiated at low pH became more toxic when
the pH was raised, while toxicity in cultures at high
pH became less toxic when the pH was lowered.
Cyclidium sp. abundance on day 1 in the Experi-
mental treatment initiated at pH 6.5 (Fig. 1f) was sig-
nificantly greater than abundance in their respective
Controls (two-way ANOVA, p <0.001), indicating
that Cyclidium sp. abundances did not decrease
due to the presence of P. parvum. However,
increasing the pH in this treatment from 6.5 to 8.5
after sampling on day 1 was followed by a rapid
and substantial decrease in ciliate abundance
(~70 %) in the Experimental treatment from day 1
to day 2, and a further decrease from day 2 to day
3 (gray bars in Fig. 1f; pH 6.5-8.5 bioassay). Mortal-
ity of Cyclidium sp. in the Experimental treatment of
the pH 6.5-8.5 bioassay was significantly greater
compared to the Control treatment by day 3 of the
bioassay (gray vs white bars in Fig. 1f; two-way
ANOVA, p < 0.001).

In contrast to the results of the pH 6.5-8.5 bioas-
say, Cyclidium sp. abundance in the Experimental
treatment of the bioassay initiated at pH 8.5
(Fig. 1g) was significantly lower than ciliate abun-
dance in the respective Controls on day 1 (gray vs
white bars in Fig. 1g). Adjustment of pH from 8.5
to 6.5 after sampling on day 1 in the pH 8.5-6.5
bioassay (Fig. 1g) resulted in no further decreases
in ciliate abundance for the remainder of the three-
day bioassay, while ciliate abundance in the treat-
ment kept at pH 8.5 for the entire bioassay
(Fig. 1e) continued to decrease on day 2 and 3. That
is, a rapid decrease in the toxicity of P. parvum

5

occurred with the adjustment of the pH of the med-
ium from 8.5 to 6.5 after day 1 in the pH 8.5-6.5
bioassay.

Effect of Salinity on P. parvum Toxicity

Bioassays included testing a range of salinity values
(1.50-7.50%0) at a constant pH of 7.5 in order to
assess the response of P. parvum toxicity to differ-
ent salinities. This range encompasses the present
average salinity of the lake (~2.50%0), and lower val-
ues that are target values for reducing lake salinity
through existing management strategies. Overall,
the effect of salinity on P. parvum toxicity was less
pronounced compared to the effect of pH over the
ranges of the two variables examined. Cyclidium
sp. abundances (relative to starting abundances)
in all Experimental treatments (Fig. 2a — d) were sig-
nificantly lower than ciliate abundances in their
respective Controls at day 3 (two-way ANOVA,
p < 0.001), implying higher mortality of Cyclidium
sp. in the presence of P. parvum due to algal toxicity
at all salinities tested at pH 7.5. Nonetheless, ciliate
abundances at the lowest salinity tested (1.50%0)
increased initially from day O to day 1, and also
exhibited the smallest decrease over the three-day
bioassays (50 % decrease vs > 79 % decrease at
other salinities test; gray bars in Fig. 2a vs gray bars
in Fig. 2b,c,d). Cyclidium sp. abundance (relative to
the starting abundance) in the 1.50%. salinity Exper-
imental treatment was significantly greater than the
Experimental treatments at the other salinities (two-
way ANOVA, p <0.05) except for the Experimental
treatment at 5.00%0 (two-way ANOVA, p>0.05).
Despite the higher survival of Cyclidium sp. in the
Experimental treatment with the lowest salinity, lin-
ear regression analysis indicated that there was no
significant trend for changes in ciliate abundances
with salinity in the Experimental treatments at day
3 (p>0.05).

Effect of Salinity x pH on P. parvum Toxicity

A set of bioassays was also conducted to character-
ize the interaction between pH and salinity on P. par-
vum toxicity. A total of six combinations of pH and
salinity were examined based on results of the pH
bioassays and salinity bioassays described above
that spanned the least toxic conditions (lowest pH
and lowest salinity tested independently) and the
most toxic conditions (highest pH and highest salin-
ity tested independently). In agreement with the
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Figure 2. Daily average abundances (error bars: standard deviation; n = 3) of ciliate prey (Cyclidium sp.) in
salinity bioassays conducted for three days. Experimental treatments were exposed to P. parvum (gray bars)
while Control treatments (white bars) had no algae present. The pH was maintained at 7.5 throughout the

bioassay.

bioassays conducted independently on pH and
salinity, the results of the matrix experiment indi-
cated that pH was more influential on Cyclidium
sp. abundances. Abundances of Cyclidium sp.
increased in the two Experimental treatments exam-
ining pH 6.5 (salinity at 1.50%0 or 2.50%0), and were
not significantly different than changes in Cyclidium
sp. abundance in Controls conducted at pH 6.5 on
day 3 (i.e. no observed mortality due to the presence
of P. parvum; Fig. 3a,c; three-way ANOVA,
p>0.05). Cyclidium sp. abundances at all other
pH (7.5 and 8.5) and salinity (1.50%e, 2.50%0 and
7.50%0) values tested (Fig. 3b,d-f) decreased signif-
icantly in the Experimental treatments compared to
Controls (three-way ANOVA, p<0.01). Multiple

regression and relative importance analysis con-
firmed that pH was more important than salinity in
affecting ciliate abundances. pH, salinity, and the
interaction of pH and salinity all had significant
effects on the abundances of Cyclidium sp. (multiple
regression, p < 0.001), but the relative importance
analysis indicated that pH accounted for 58 % of
the effect on ciliate abundances while salinity and
the interaction of pH and salinity accounted for
36 % and 6 % respectively.

Effect of pH and Salinity on P. parvum Growth

Changes in the abundances of P. parvum were
measured during the three-day bioassays in order
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Figure 3. Daily average abundances (error bars: standard deviation; n = 3) of ciliate prey (Cyclidium sp.) in
salinity x pH bioassays conducted for three days. Experimental treatments were exposed to P. parvum (gray
bars) while Control treatments (white bars) had no algae present.
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to examine the response of algal growth to pH, salin-
ity, and salinity x pH (Supplementary Material
Fig. S1). Abundances of P. parvum in the bioassay
examining the combination of low pH and low salin-
ity (1.50%0 at 6.5) decreased by the end of the three-
day bioassay (i.e. net algal mortality, with growth
rate (u) = —0.44 d~'; Fig. Sic, purple line). The
bioassay conducted at pH 6.5 and 2.50%¢ in the
pH x salinity bioassay also yielded a lower growth
rate compared to other treatments (Supplementary
Material Fig. Sic; red dotted line). Beyond that,
overall differences among p calculated for treat-
ments in the three-day bioassays did not differ
greatly (overall range of 0.51-0.78 d~' among 15
bioassays).

Based on growth responses of the alga during the
three-day bioassays (Supplementary Material
Fig. S1), a longer term (twelve-day) experiment
was conducted to further investigate the effect of
pH and salinity on P. parvum growth rate (Fig. 4).
The alga was grown without prey (i.e. dependent
on photosynthetic ability, as affected by salinity
and pH). Consistent with observations in the three-
day bioassays, pH and salinity had a demonstrable
effect on P. parvum growth. Overall, low pH com-
bined with low salinity resulted in slower growth of
P. parvum. Also consistent with the alga’s response
observed in the three-day bioassays, the combina-
tion of lowest pH (6.5) and lowest salinity (1.50%0)
resulted in no growth of P. parvum. Exponential
growth rates of the alga were calculated over the
first four days of the twelve-day incubations to main-
tain relative consistency with growth rates calcu-
lated for the three-day bioassays. Growth rate in
the salinity 1.50%0 x pH 6.5 treatment was —0.02

1.50 %o pH 6.5
1.50 %o pH 7.5
2.50 %o pH 6.5
= == 2.50 %o pH 8.5
7.50 %o pH 7.5
7.50 %o pH 8.5

(2}

Abundance (10° cells/ml)
N IS

d~' (Fig. 4, solid purple line). The highest growth
rates were observed for the treatments combining
high pH and high salinity (7.50%. at pH 7.5, and
7.50%0 at pH 8.5; 1 =0.65d "' and 0.64d~ ", respec-
tively). Growth rates for the other treatments were
intermediate to these extremes (un = 0.35-0.61
d~"). Multiple regression analysis indicated that
there were significant effects of pH (p<0.001),
salinity (p<0.01), and the interaction of pH and
salinity (p<0.01) on P. parvum growth rate, but
pH accounted for 62 % of the effect, while salinity
and interaction accounted for 25% and 13 %
respectively.

Discussion

Our strain of Prymnesium parvum cultured from
Lake Mission Viejo appears to be a particularly toxic
one as it has repeatedly caused fish kills in Lake
Mission Viejo at abundances of 100 s to 1,000 s of
cells ml~' since its first detection (Roohk 2019).
Such abundances are well below those that have
caused fish kills in other ecosystems or mortality
of prey in laboratory settings (generally > 10* cells
ml~") (Acosta et al. 2015; Blossom et al. 2014b;
Brooks et al. 2010; Johnsen et al. 2010; Lundgren
et al. 2016; Roelke et al. 2011; Qin et al. 2020).
Our study was designed to examine two of the envi-
ronmental factors that might give rise to high toxicity
of our strain, and help shed light on approaches that
might be taken to mitigate its impact on the biota of
Lake Mission Viejo.

Genetic and/or physiological aspects of P. par-
vum may explain some of the high toxicity of our
strain. Suites of prymnesins, a major class of toxins
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Figure 4. Daily average abundances (error bars: standard deviation; n = 3) of P. parvum in a 12-day growth
experiment conducted for acclimated cultures of the alga grown at six different combinations of pH and salinity

(different lines and symbols noted in insert).



produced by P. parvum, have been shown to vary
among different strains of the species (Binzer
et al. 2019), a situation that presumably explains
some of the variability in toxicity that has been
observed (Blossom et al. 2014a). The degree of tox-
icity of the alga is also strongly affected by its nutri-
tional status. Toxicity in the mixotrophic alga P.
parvum is believed to be a mechanism for capturing
prey for the purpose of obtaining nutrients to supple-
ment photosynthetic activity. Numerous studies
demonstrating differences in the toxic nature of P.
parvum under nutrient-stressed or nutrient-replete
conditions support this hypothesis (Carvalho and
Granéli 2010; Granéli and Johansson 2003a, b;
Lundgren et al. 2016). More recent information
using stable isotope analysis and gene expression
data have further implicated a role for mixotrophic
activity in P. parvum for nutrient acquisition,
although carbon and energy demands appear to
be met largely via photosynthesis (Brutemark and
Granéli 2011; Carpenter et al. 2018; Liu et al.
2015a, b). Additional support for those laboratory
studies has been provided by experimental studies
employing nutrient enrichment of enclosed natural
communities that have demonstrated reduced toxic-
ity of a natural population of P. parvum following
nutrient enrichment (Roelke et al. 2007).

These genetic and physiological considerations
aside, many studies including this one have focused
on various environmental (chemical and physical)
variables as factors that might directly affect the tox-
icity and/or growth of P. parvum cells. In this regard,
our results clearly demonstrated an important role
for pH of the environment, with the lowest pH tested
in this study (6.5) resulting in a rapid, dramatic and
reversible decrease in toxicity of the alga towards
its prey. Lowering salinity resulted in a significant
albeit less dramatic impact on toxicity. Varying these
two parameters together affected not only toxicity
(lowest pH and lowest salinity yielded the least toxic
conditions) but also decreased growth rate of the
alga (Fig. 4).

Influence of Salinity on Prymnesium parvum

The toxicity of P. parvum towards its ciliate prey in
the present study exhibited a significant but modest
response to the salinity of the culture medium to
which the algal was acclimated (Fig. 2). P. parvum
toxicity at the lowest salinity examined in this study
(1.50%0) was less compared to algal toxicity at higher
salinities in bioassays conducted at the same pH.

9

Growth and toxicity of P. parvum at different salin-
ities have been examined in several experimental
studies and meta-analyses. These studies have
sometimes yielded conflicting results, but often the
ranges examined have been extreme rather than
narrowly defined by the regions where the alga
forms blooms and/or causes fish kills. Israél et al.
(2014), for example, noted an inverse relationship
between abundance of the alga across a range of
natural ecosystems with specific conductance val-
ues ranging from 4,408 to 73,786 uS/cm (roughly
2.3-39%o0), while Baker et al. (2007) noted greatest
toxicity at the lowest and highest salinities tested
over a roughly similar salinity range. That range,
however, was wide and generally much greater than
salinities at which toxic blooms of P. parvum have
been reported, although as noted previously this
euryhaline species can be found across a wide
range of salinities (Rashel and Patifo 2017
Richardson and Patifio 2021). In contrast to the find-
ings of Israél et al. (2014), it has been reported that
growth and toxicity of the alga in laboratory cultures
scaled positively with salinity, although other condi-
tions (e.g. nutritional sufficiency) also played impor-
tant roles in toxigenicity (Hambright et al. 2014). Still
other studies have reported that growth and toxicity
varied with salinity but the relationship between
them was not systematic (Larsen et al. 1998).
Nonetheless, recent studies characterizing toxins
(Taylor et al. 2020) and gene expression analyses
(Talarski et al. 2016) have observed different toxin
profiles at different salinities, implying a role for
salinity in affecting toxicity of P. parvum.

The reconciliation of these apparently contradic-
tory findings may be explained by the observation
that P. parvum tends to form blooms and toxic situ-
ations at intermediate salinities rather than at its
extreme tolerances for this parameter (Roelke
et al. 2016). Roelke et al. proposed a relationship
whereby very low salinity creates a highly stressful
situation for the alga where blooms and community
dominance are not supported, while high salinity is
not sufficiently stressful to result in toxin production
and therefore ecosystem dominance. According to
the hypothesis, intermediate salinity creates suffi-
cient stress to induce toxin production but does
not substantively impede growth, resulting in situa-
tions where P. parvum can dominate the planktonic
community. Our findings are, at least in part, consis-
tent with that hypothesis in that very low salinity
(1.50%0) tended to reduce the level of toxicity
observed at higher salinities. However, the highest
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salinities employed in our bioassays (7.50%¢) appar-
ently were not sufficiently high to demonstrate a
lessening in toxicity predicted by the hypothesis, at
least in comparison to pH which had an overriding
effect on toxicity (note similar decreases in ciliate
abundances among the Experimental treatments
of Fig. 2; gray bars).

Our study also revealed that low salinity led to
decreased growth rates of P. parvum (compare
growth curves at different salinities but the same
pHin Fig. 4). This finding is consistent with a number
of laboratory experiments that have demonstrated a
positive relationship between salinity and P. parvum
growth rates (Baker et al. 2007; Hambright et al.
2014; Hill et al. 2020; Padillo 1970). In addition to
growth rates of the alga, Rashel and Patifio (2017)
noted that an increase in salinity increased the max-
imum carrying capacity of P. parvum. These results
appear to corroborate field observations document-
ing the expansion of P. parvum in inland waters
throughout the southern USA (Brooks et al. 2011;
Hambright et al. 2015; Roelke et al. 2011), as an
increasing number of freshwater bodies are salin-
ized through natural (e.g. evaporation) or anthro-
pogenic processes (e.g. agriculture and resource
extraction (Canedo-Arguelles et al. 2016; Dugan
et al. 2017; Herbert et al. 2015)). Salinization
appears to create suitable conditions for P. parvum
growth and community dominance.

Influence of pH on Prymnesium parvum

Toxicity in P. parvum is known to be responsive to
pH. Evidence of enhanced toxicity at high pH (or
inhibition of toxicity at low pH) has been reported
at least as early as 1953 (Shilo and Aschner
1953), and has been since supported by other stud-
ies (Igarashi et al. 1998; Kim and Padilla 1977;
Prosser et al. 2012; Shilo and Aschner 19583;
Valenti et al. 2010). The specific mechanism for
the effect of pH has been debated. Valenti et al.
(2010) proposed a model attempting to explain the
direct effect of pH on prymnesins-1,2. The authors
suggested that the toxins are weak bases
(pKa =8.9) and that a larger proportion of prym-
nesins will be ionized at pH 6.5 (compared to 8.5),
resulting in a lower propensity of toxins to cross cell
membranes at low pH and cause toxicity. pH of the
culture medium has been shown to affect cytoskele-
tal modeling and cell function in at least some pro-
tists (Vanegas-Villa et al. 2022). Therefore it
appears possible that pH has the potential to modify

toxins in P. parvum, although a pH-dependent
hypothesis for reduced toxicity at pH 6.5 has been
questioned (Cichewicz and Hambright 2010). The
exact mechanism for the effect of external pH on
the toxicity of P. parvum will probably not be clearly
understood without further studies on the respon-
siveness of prymnesins to pH, and indeed until all
potentially toxic compounds produced by the spe-
cies are identified and their responsiveness to pH
characterized.

Nonetheless, our study empirically demonstrated
a strong effect of pH on the toxicity of the Lake Mis-
sion Viejo isolate of P. parvum over the range of val-
ues examined using our newly developed bioassay
(Figs 1, 3). High pH of the culture medium (>7.5)
resulted in significantly higher mortality of the ciliate
prey than lower pH. Shilo and Aschner (1953)
showed that toxicity of P. parvum plateaued at pH
7.5, a finding that is consistent with the results of
our pH bioassays showing no significant differences
in changes in Cyclidium sp. abundances (i.e. toxic-
ity) between Experimental treatments with pH 7.5
or above (Fig. 1; two-way ANOVA, p > 0.05).

Results contradictory to those observed in this
study examining the effect of pH on P. parvum tox-
icity have been reported in the literature, although
the comparability of the results of those studies to
the present one are confounded by the fact that they
have generally examined ichthyotoxic and hemolytic
activity, and/or used different bioassay organisms
(Binford et al. 1973; Padillo 1970). For example,
increasing pH was shown to decrease the ichthy-
otoxicity of prymnesin-2, although it enhanced its
hemolysis effect (Igarashi et al. 1998). These con-
trasting results may indicate differences in how pH
affects the interaction between target cells and tox-
ins, or even differences in the hemolytic, cytoxic and
ichthyoxic properties of different toxins produced by
P. parvum.

Our results also demonstrated that the effect of
pH on toxicity of P. parvum occurred rapidly and
reversibly. This finding is consistent with the results
of Shilo and Aschner (1953), who showed that P.
parvumtoxins can be repeatedly activated and inac-
tivated by changing the pH between 6 and 7.
Prosser et al. (2012) also found complete elimina-
tion of P. parvum toxicity when the pH in their sam-
ples was lowered from 7.5 or 8.5 to 7. However, the
authors found no toxicity in a reverse assay in which
the pH of P. parvum samples was increased from 7
to 8.5, as opposed to the results of the pH 6.5-8.5
bioassay in our study (Fig. 1f) which exhibited a



rapid decline of Cyclidium abundance after the pH of
the culture was increased from 6.5 to 8.5. Prosser
et al. suggested that the P. parvum in their pH 7
sample did not have enough toxins to be toxic, thus
implying that low pH not only reduces the potency of
prymnesins (as discussed in previous paragraphs),
but also the production of toxins. Their results do
not necessarily contradict ours, as the P. parvum
abundance in their sample (~5,000 cells/ml) was 4
X lower than the starting abundance in our bioas-
says (>20,000 cells/ml), and it is possible that toxin
concentration in our pH 6.5-8.5 bioassay was high
enough (due to the higher abundance of P. parvum
present) for the culture to become toxic after the pH
was increased from 6.5 to 8.5.

In addition to lowering P. parvum toxicity, low pH
also decreased the growth rate of P. parvum (Fig. 4;
Supplementary Material Fig. S1). Studies of the
effect of pH on P. parvum growth rate are scarce
compared to other factors that have been studied.
Prosser et al. (2012) conducted mesocosm experi-
ments and found that pH 7 led to lowering of growth
of a natural population of P. parvum and prevented
bloom formation. Indeed, the prevalence, if not rele-
gation, of toxic blooms of P. parvum in water bodies
with pH > 8 may indicate the impact of pH on both
the alga’s growth rate as well as cellular toxicity.

Interaction Between Salinity and pH

Studies examining the interaction of chemical/phys-
ical parameters such as temperature, salinity and
pH on P. parvum growth and toxicity have been car-
ried out, but generally these studies examined the
factors that might limit the geographical distribution
of the species (Baker et al. 2007) rather than inves-
tigating the effect of these parameters over ranges
pertinent to blooms formed by this species. The
results of the present study demonstrate that, within
the narrow ranges of pH and salinity examined,
there was a direct, additive relationship between
pH and salinity on the toxicity of P. parvum (Figs
1, 2, 3), although the effect of pH appeared to be
dominant. For example, the dominance of pH in
establishing toxicity was shown by the absence of
toxicity in all treatments conducted at pH 6.5 (Figs
1a, 3a, 3c). Toxicity observed at intermediate pH
(7.5) was moderated by salinity; i.e. toxicity at
1.5%0 was generally lower compared to toxicity at
higher salinities (Fig. 2).

The twelve-day growth experiment to examine
the effect of pH and salinity on the growth rate of
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P. parvum clearly indicated that these parameters
affected algal growth in the absence of ciliate prey
in a similar manner as they affected toxicity; i.e.,
an overall positive interaction between growth rate,
pH and salinity (Fig. 4). Similar findings were
observed in the three-day bioassays where prey
were present (Supplementary Material Fig. S1).
The overall range of growth rates (0.51-0.78 d™'
among 15 bioassays, with the exception of the low-
est pH and salinity values tested) indicated reason-
able but not excessively high population growth
rates. This finding was somewhat surprising given
field observations and the hypothesis that P. par-
vum blooms often form under conditions that are
not conducive to high growth rate, and that stress
is often considered an inducer for toxin production
(Roelke et al. 2016). However, the growth rates
observed in this study under nutrient replete condi-
tions were less than the maximal growth rates that
have been reported for the alga (Baker et al. 2007;
Larsen et al. 1998; Rashel and Patifo 2017) and
therefore may still represent a moderately stressful
condition for the alga.

Interestingly, the growth rates of P. parvumin the
absence of ciliate prey at particular pH and salinity
values in the twelve-day growth experiment
(Fig. 4) were overall consistent with the growth rates
of the alga observed at similar pH and salinity values
when prey were present in the three-day bioassays
(Supplementary Material Fig. S1c). This finding indi-
cates that pH and salinity, more than the availability
of prey, affected growth rate of the alga in our study.
That result is consistent with previous studies that
have largely characterized the alga as an obligate
phototroph, despite its highly developed ability to
attack and kill a wide spectrum of prey (Brutemark
and Granéli 2011; Carpenter et al. 2018; Liu et al.
2015a, b). Also, our studies were conducted using
nutrient-enriched medium, so one might expect that
sufficient inorganic nutrients were present to sup-
port algal growth with little need for mixotrophic
(predatory) supplementation. In that case, however,
one might also have expected low toxicity of the alga
in our study, if toxins are primarily used for capturing
prey to supplement nutrient uptake. It is unclear if
our P. parvum strain would have been even more
toxic than demonstrated in this study if it were
nutrient-starved, but nonetheless its toxicity
remained strongly affected by pH and salinity of
the external medium used in our study.

One issue addressed by our study was whether
high pH and high salinity enables community dom-
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inance by P. parvum through its effect on the
alga’s growth rate, or whether these environmental
parameters act through their effect on cellular tox-
icity. Based on our results, both factors appear to
contribute to the alga’s success in nature. High pH
and brackish conditions alone (i.e. without consid-
ering predation-enabled mixotrophy by the alga)
could provide conditions conducive to expansion
of a P. parvum population in nature by their posi-
tive effect on growth rate. However, increased tox-
icity was also observed at high pH and high
salinity, and various combinations of these two
conditions (Figs 1-3). Moreover, the responses
to changes in pH were rapid (i.e. within 24 h, fas-
ter than the population growth response of the
alga) and reversible (Fig. 1f,g). Therefore, it would
appear that the effects of increasing salinity and/or
pH act to increase the growth rate of the P. par-
vum as well as increasing toxicity, creating ideal
conditions for population growth and community
dominance. These findings may help explain the
extreme toxicity of the P. parvum population in
Lake Mission Viejo. Moreover, since low pH and
low salinity act to constrain both population growth
of the alga and its toxicity, this information may
provide guidance on possible mitigative
approaches for combatting fish kills attributable
to the Golden Alga.

Conclusions

A bioassay to determine the toxicity of the hapto-
phyte Prymnesium parvum was developed using
a ciliated protist as prey, and used to examine
the effect of varying pH and salinity on the toxicity
of an isolated strain of the alga from Lake Mission
Viejo, Mission Viejo, CA, USA. Toxicity was sub-
stantially reduced at lower pH over the range
investigated (6.5-8.5) in three-day bioassays.
Toxicity of P. parvum cells was also rapidly
(within one day) and reversibly altered in
response to abrupt increases or decreases of
pH of the culture medium. Toxicity was reduced,
but to a lesser degree, at lower salinities over
the range investigated (1.50—7.50%¢), and additive
effects were apparent as decreased toxicity at the
lowest pH and salinity values examined. The
growth rate of P. parvum was directly related to
salinity and pH over the ranges examined, and
growth was not supported (net mortality) at the
lowest salinites and pH combined (salinity
1.50%0 at pH 6.5).

Methods

Isolation and maintenance of cultures: A monoclonal strain of
Prymnesium parvum was isolated by micropipetting single cells from
a sample collected from Lake Mission Viejo in February 2015. The
monoclonal culture was subsequently grown in enriched phytoplank-
ton media (DY-V algal medium) at ~23 °C on a 12:12 h light/dark
cycle at ~250 pEinstein m~2 s~ for use in all bioassays. A mono-
clonal culture of the ciliate Cyclidium sp. (strain Gcycl-1; obtained
from Dr. Robert Sanders) was used as prey for P. parvumin all bioas-
says. Both cultures (alga and ciliate) contained an uncharacterized,
mixed bacterial flora. The algal medium (Andersen 2005) was used
to culture both P. parvum and maintain Cyclidium sp. (the latter sur-
vived on the attendant bacteria; see below). Cyclidium sp. cultures
were fed live bacteria (the attendant bacteria were induced to grow
by the addition of ~0.05% sterile yeast extract five days prior to
the bioassays). Culture media of various salinities were prepared
by adding 0.2 um filtered seawater (obtained at the University of
Southern California San Pedro Ocean Time-Series station and aged
for > 3 months in the dark) to ultrapure water (Barnstead Ultrapure;
Thermo Scientific; Waltham, MA, USA). Electrical conductivity was
measured using a Health-Metric conductivity meter (Cheyenne,
WY, USA) and converted to salinity (specific conductivity (uS/cm)
at 25 °C x conversion factor of 0.67). HCI or NaOH (0.5 M) were
used to adjust the pH of the media. The pH of the cultures and var-
ious bioassay treatments were measured using an Orion Star
A211 pH meter (Thermo Scientific, Waltham, MA, USA).

Culturing conditions for bioassays: P. parvumwas acclimated
to each treatment condition (i.e. various salinities and pH values) for
more than two weeks prior to the bioassays. Culture conditions were
the same as noted above for both P. parvum and Cyclidium sp.. All
stock cultures were placed on an orbital shaker with slow shaking
(~40 rpm) to promote gentle mixing. Ciliate abundances were con-
centrated immediately prior to the start of the bioassays by gravity fil-
tration through 5 um polycarbonate filters (Whatman, Maidstone, UK)
to retain ciliates but allow most of the culture medium and bacteria to
pass through the filters.

Bioassays were carried out in 50 ml culture flasks (Falcon, Corn-
ing, USA) with each treatment conducted in triplicate. Experimental
treatments included both Cyclidium sp. and P. parvum, while Con-
trols included only Cyclidium sp. (i.e. no P. parvum predation). All
bioassays were started with a target abundance of 20,000 P. parvum
mi~" and 2,000 Cyclidium sp. mi~" at a total volume of ~45 ml. All
flasks were placed in the same incubator on an orbital shaker, as
employed for the stock cultures. Samples were collected daily (days
1, 2 and 3) and the abundance of both P. parvum and Cyclidium sp.
were quantified by light microscopy.

Bioassays with only one variable (i.e. various pH values with
salinity held constant, or various salinities with pH held constant)
were first conducted to avoid interference by the other variable that
would otherwise confound interpretation of the results.

pH bioassay: Bioassays were conducted for three days in order
to examine a range of pertinent pH values on the toxicity of P. parvum
towards ciliate prey. These bioassays consisted of treatments of the
following pH values: 6.5, 7.0, 7.5, 8.0, 8.5. This range of pH values
brackets the present pH recorded at Lake Mission Viejo (8.0 — 8.5)
and lower pH values that may be effective in reducing P. parvum tox-
icity as suggested by past studies (Igarashi et al. 1998; Kim and
Padilla 1977; Prosser et al. 2012; Shilo and Aschner 1953; Valenti
et al. 2010). Additionally, two treatments were conducted that inves-
tigated whether toxicity of P. parvum could be altered rapidly by
adjusting the pH of the medium. These treatments were initiated at
pH 6.5 or 8.5 and sampled after one day of incubation. Following



sampling on day one, the treatment at pH 6.5 was adjusted to 8.5,
while the treatment at pH 8.5 was adjusted to 6.5. Both treatments
were sampled for two more days. Small volumes (<40 pl) of HCI or
NaOH (0.5 M) were used to adjust the pH of the media in these treat-
ments. The pH of all treatments was measured and adjusted daily to
ensure that they remained at the target pH values. The salinity of all
treatments in the pH bioassays was 2.50%0, the current average
salinity of Lake Mission Viejo.

Salinity bioassay: Bioassays were conducted for three days in
order to examine a range of pertinent salinities on the toxicity of P.
parvum towards ciliate prey. These bioassays consisted of four treat-
ments: 1.50, 2.50, 5.00, and 7.50%0 prepared as noted above by the
addition of filter-sterilized natural seawater to the DY-V medium to
achieve each salinity. This salinity range includes historical
(1.50%¢) and present (2.50%0) salinity values recorded at Lake Mis-
sion Viejo, as well as ‘worst-case scenarios’ of future projected salin-
ity (Roohk 2019; 5.00 and 7.50%0). The pH of all treatments in the
salinity bioassay was checked daily and maintained at 7.5 using
0.5 M HClI or NaOH. That pH value represents a median of the range
of pH values used in the pH bioassay, and a management goal for
Lake Mission Viejo.

Salinity x pH bioassay: Bioassays were conducted for three
days in order to examine a matrix of salinity and pH values on the tox-
icity of P. parvum towards ciliate prey. These bioassays examined
the effects of different salinities and pH values at three salinities
(1.50, 2.50, 7.50%0) and three pH values (pH 6.5, 7.5, 8.5). Treat-
ments with the lowest and highest pH values tested in the pH bioas-
say, as well as those with the lowest and highest salinities in the
salinity bioassay were included. Two additional treatments were also
included, one with the lowest pH and salinity and one with the highest
salinity and pH for a total of six experimental treatments: 1.50%. at pH
6.5; 1.50%0 at pH 7.5; 2.50%0 at pH 6.5; 2.50%0 at pH 8.5; 7.50%o at
pH 7.5; 7.50%¢ at pH 8.5.

Effect of pH and salinity on P. parvum growth over a twelve-
day period: The growth rate of P. parvum at three salinities and
three pH values was examined for the same conditions studied in
the salinity x pH bioassay. This set of treatments was conducted
to determine algal growth rate (but not necessarily toxicity) at con-
stant light intensity, temperature and nutritionally replete conditions.
Cultures of P. parvum were grown in the same 50 ml culture flasks
and under the same conditions as the salinity x pH bioassay. No cil-
iate prey was provided to the algae and no bacterial enrichment was
performed, although a low abundance of attendant bacterial flora was
present. Samples were collected every-two days and abundances of
the alga determined by light microscopy.

Sample processing and data analysis: Aliquots (5 ml) of each
flask were collected at the time of each sampling and preserved with
Lugol’s solution (3% final concentration). Samples were stored at4C
until processed. Cell abundances were determined using a
Sedgewick-Rafter counting chamber at 200 times magnification on
a compound light microscope (BX51; Olympus, Waltham, USA).
Growth rates of P. parvum were determined from the best fit slopes
of plots of the natural log of cell abundance versus time.

Data obtained from the bioassays were used to test (1) if ciliate
abundances were different between Experimental and Control treat-
ments, and (2) if ciliate abundances were different between Experi-
mental treatments within the same set of bioassays (e.g. pH,
salinity or salinity x pH bioassays; statistical analysis for the 6.5—
8.5 and 8.5-6.5 treatments was performed separately from the rest
of the treatments in the pH bioassay). Cyclidium sp. mortality is a
proxy for P. parvum toxicity, therefore these tests identified (1) under
which environmental conditions P. parvum was most toxic, and (2)
trends between P. parvumtoxicity and pH or salinity. Because the ini-
tial ciliate abundances were slightly different among the bioassays,
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percent changes in ciliate abundances relative to their starting abun-
dances were calculated and used in all statistical tests:

Abundancep,, 3 — Abundancep,, o
Abundancepay ¢

Percent abundance change =
x 100%

Percent abundance changes for Experimental treatments and
their respective Controls were generated separately. Repeated
two-way ANOVA with Tukey post-hoc analyses (presence/absence
of P. parvum as a variable, pH or salinity as the second variable)
were performed for results from each day of the three-day incubation
experiment, but focus was placed on statistical results from day 3
when the differences between Experimental treatments and their
respective Controls, and between different Experimental treatments
were most apparent. Similarly, three-way ANOVA with Tukey post-
hoc analysis (presence/absence of P. parvum as a variable, pH as
the second variable, salinity as the third variable) was performed
using results from the salinity x pH bioassay. Linear regression
was used to fit changes in Cyclidium sp. abundances in Experimental
treatments against either pH or salinity values for the pH or salinity
bioassays, respectively. Multiple regression analysis was used when
both pH and salinity were varied (i.e. the salinity x pH bioassay). A
post-hoc analysis of relative importance (from the R relaimpo pack-
age) was used to obtain percentage contributions of pH, salinity, or
interactive effects of salinity x pH from the multiple regression anal-
ysis results. All statistical tests were performed in R.
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