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The inter-relationships between cellular phosphorus (P) storage, dissolved
inorganic P (DIP) uptake affinity, alkaline phosphatase activity (APA) and
dissolved inorganic nitrogen (DIN) concentrations were studied in two ubi-
quitous diazotrophic freshwater cyanobacteria, Raphidiopsis raciborskii (six
strains) and Chrysosporum ovalisporum (two strains). DIP uptake kinetics
were measured using rates of incorporation of the radio-isotope, **P and
APA as a proxy for DOP-ester utilization. The study showed that DIP
uptake of individual strains followed Michaelis-Menten kinetics (modified
in our study to incorporate cellular P quotas), but differed with DIN and
P availability, and between growth stages. High-affinity DIP uptake and
APA were activated below a P quota threshold of approximately
0.01 pg P pg™" C across the species and strains. C. ovalisporum had signifi-
cantly higher APA and P quotas (per unit C and cell) but lower uptake
affinity than R. raciborskii. Demand for DIP by C. ovalisporum increased
when N fixation occurred, but typically not for R. raciborskii. Our results
indicate that cyanobacterial species and strains differ in their strategies to
P limiting conditions, and highlight the interplay between N and
P. Physiological adaptations like APA and diazotrophy of cyanobacteria
adapting to low DIP and/or DIN conditions may occur simultaneously
and drive species dominance in oligotrophic environments.

1. Background

Lake eutrophication and associated increases in toxic cyanobacterial blooms
have had significant ecosystem impacts and been a major area of research
over several decades [1]. Despite ongoing research on nutrient impacts on cya-
nobacteria bloom formation, our understanding of nutrient-cyanobacteria
interactions remains simplistic [2]. Cyanobacteria blooms can persist even
when dissolved inorganic phosphorus (DIP) concentrations are below standard
analytical detection limits [3,4]. Physiological studies have demonstrated that
cyanobacterial species possess a suite of P utilization strategies that promote
bloom formation and resilience under low and/or fluctuating P conditions
[5,6]. Information on the variety of strategies used by cyanobacteria to maintain
dominance and form blooms under low-nutrient conditions is critical for
predicting biomass as well as species composition.

The harmful cyanobacterium Raphidiopsis raciborskii (basionym Cylindrosper-
mopsis raciborskii) is reported to be the dominant species in more than 18% of
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freshwater cyanobacterial blooms globally [7]. Many lakes
and reservoirs with R. raciborskii blooms have low DIP con-
centrations [8,9]. The dominance of R. raciborskii has been,
in part, attributed to its ability to switch from passive (low-
affinity) to active (high-affinity) DIP uptake at low concen-
trations of external DIP, i.e. approximately 5pg P 17" [10].
Most conventional models that simulate nutrient uptake
rates, e.g. based on Michaelis-Menten kinetics, use external
DIP, not cellular P quota, and therefore do not capture the
observed plasticity of DIP uptake [11]. The addition of cellu-
lar P quotas is proposed as a mechanism to address this
plasticity and capture the nutrient history that moderates
DIP uptake rates [5]. However, there is limited information
on how the cellular P quota drives uptake affinity, and on
transitions between passive and active DIP uptake.

Cell storage of P is another strategy for dealing with low
DIP. Cellular P quotas can vary fourfold among R. raciborskii
strains isolated from the same population and are signifi-
cantly higher in DIN-free treatments than those in replete
DIN and P treatments [12]. However, the interplay between
P quota, and DIP uptake affinity across strains and species
remains poorly understood.

Organic P is the dominant form of P in most freshwater
systems, with dissolved organic P (DOP) typically constituting
25-50% of the total P pool [13]. Simple forms of DOE, particu-
larly esters, are a potential P source for growth and
metabolism of many phytoplankton species, e.g. R. raciborskii
[14,15]. Another bloom-forming cyanobacterium, Chrysos-
porum ovalisporum (basionym Aphanizomenon ovalisporum), is
also considered to have high capacity for DOP utilization
[16]. However, direct comparisons of DOP utilization and
the interplay with DIP uptake among species are very limited.

All the strategies outlined above to access P during low
DIP conditions are energy intensive and require sufficient
N [17]. While both C. ovalisporum and R. raciborskii are N
fixers, there are also energetic costs in fixing N. Previous
studies have shown faster growth rates and little or no fix-
ation when DIN is available. Therefore, it can be assumed
that DIN limitation will also affect the capacity of these
species to use high-affinity DIP uptake, APA and ultimately
P storage. However, this inter-relationship between N and P
has received little attention in previous studies [18].

Therefore, in this study, we compared DIP uptake kinetics
and APA (as a proxy for DOP-ester utilization), between six
and two strains, respectively, of the N,-fixing cyanobacteria,
R. raciborskii and C. ovalisporum. We hypothesized that the
stoichiometry of N and P cell quotas and immediate
growth requirements drive strategies for uptake and utiliz-
ation of P. We tested our hypothesis using treatments and
physiological assays designed to stimulate responses to DIP
limitation, and both DIN and DIP limitation. These differ-
ences in P utilization may provide strategies to aid
competition under different P and N conditions, and as a
result would have a critical role in selecting the ‘winners
and losers” among species and strains.

2. Methods

Laboratory culture experiments were carried out with six R. raci-
borskii strains and two C. ovalisporum strains, under three
nutrient treatments. Growth rate, cell number and biovolume, cel-
lular carbon (C), nitrogen (N) and phosphorus (P), and dissolved

N and P were analysed. DIP uptake bioassays were conducted to
compare uptake rate, and APA assays were conducted to compare
the enzymatic conversion of P-esters into DIP. Analyses were run
on specific days listed in electronic supplementary material, table
S1 over the duration of the experiment for all strains.

(a) Experimental set-up

(i) Study species and strains

The six R. raciborskii strains, WS01, WS02, WS03, WS08, WS09
and WS11, noted as S01 — S11 in Xiao et al. [7], were isolated in
2013 from surface water samples from Lake Wivenhoe
(27°23'38"S, 152°36'28"E, the largest drinking water reservoir in
southeast Queensland, Australia). The two C. ovalisporum strains,
LHCO01 and LHCO02, were isolated in 2017 from surface water
samples of brackish (approx. 8 mscm™) Lake Hugh Muntz
(28°2'60"S, 153°24'54"E). The R. raciborskii and C. ovalisporum
blooms occur regularly in lakes Wivenhoe and Hugh Muntz,
respectively, with DIP concentrations of both lakes close to or
below analytical detection limits (0.06 pmol P17") during
summer stratification [9,19].

(i) Culture maintenance and preparation

The strains of R. raciborskii were maintained in batch monocul-
tures with modified Jaworski Medium comprising 45 pmol 17
of DIP and 941 pmol 17! of DIN (replete DIN and P, noted as
JM), following Willis et al. [20]. In the case of C. ovalisporum,
strains were maintained in 90% of the J]M medium and 10% sea-
water by volume. Cultures were non-axenic; however, excess
heterotrophic bacteria were removed during routine filtration
and washing between subculturing (less than 5% biovolume).
Cultures of each strain maintained under the optimal light and
temperature conditions, were filtered and adapted to an environ-
ment of either replete DIN and P, or DIN-free prior to
commencing the growth experiments (see details in electronic
supplementary material, methods S1, Culture maintenance and
preparation).

(iii) Growth experiment

Cultures acclimated to replete DIN and B, and DIN-free environ-
ments were washed and resuspended three times in sterile
NP-free medium and split into four replicates for the growth
experiment comprising three nutrient treatments (figure 1). For
R. raciborskii, the three treatments were replete DIN and P,
P-free (941 pmol 1™ of DIN but no P added) and NP-free (M
media with no DIN or P added). The former two treatments
were from the pre-adapted replete DIN and P and the latter
was from the pre-adapted DIN-free. The strains of C. ovalisporum
were also subjected to the three nutrient treatments, but the JM
media was replaced by the 10% seawater JM media.

All cultures were inoculated at an initial optical density at a
wavelength of 750 nm (OD750) of 0.020+0.002, approximately
3.96 x 10° to 12.76 x 10° cells ml™, depending on the strain (see
electronic supplementary material, table S3 for correlation between
OD750 and cell counts; R*=0.90-0.98 for the eight strains).
Cultures were gently shaken each day during the experiment.

The photosynthetic yield (F,/F,,) was measured using a
Phyto-PAM (Walz, Effeltrich, Germany) along the growth exper-
iment. A 10% reduction of the photosynthetic yield on 2
consecutive days was used as a rapid indicator of cell stress
from P starvation, as per our previous study on R. raciborskii
strains [12]. We found that once the photosynthetic yield was
reduced by 10% on 2 consecutive days, it either stabilized, i.e.
stationary phase indicator, or continued to decrease, i.e. station-
ary or death phase indicator; hence, we assumed that cultures
became physiological stressed [12]. This method was also vali-
dated in bioassays conducted with algal populations in the
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Figure 1. Schematic showing culture preparation, treatments, bioassays of
DIP uptake and APA, for R. raciborskii and C. ovalisporum strains.

field [21]. We have shown that photosynthetic yield reduction
occurred before stationary phase, hence photosynthetic yield,
rather than spectrophotometric measures of optical densities of
cultures, i.e. OD750, could more accurately indicate cell stress
from nutrient limitation [12], minimizing the possibility of
OD750 overestimating living cells and hence underestimating cel-
lular P content. For R. raciborskii strains, the use of time to reach
10% reduction in photosynthetic yield as a measure was based
on our previous experiments which used an identical set-up
[12], and for C. ovalisporum, the time was calculated from F,/Fy,
applying the same rule (see electronic supplementary material,
figure S2).

(b) DIP uptake bioassay

(i) Pilot experiment

Pilot experiments were conducted (see electronic supplementary
material, methods S2), and 11 DIP standard solutions (P1
through P11, see electronic supplementary material, table S2)
with a decreasing total DIP concentration that comprised
K,HPO, (224.1 to 0.29 mg P17, Chem-Supply, Australia) and
labelled orthophosphoric acid [**P]H;PO, (34.7 pmolml™,
Biosci, Australia) were used for determining DIP uptake rates.
Based on the pilot experiments, subsamples were taken at the fol-
lowing times after spiking DIP standard solutions into cultures:
10, 20, 30, 40 and 60 s for P-free and NP-free treatments, and
10s,and 1, 2, 3, 5, 10, 20 min for the replete DIN and P treatment.

(ii) Bioassay set-up

Subcultures (duplicates) from each nutrient treatment were taken
for DIP uptake bioassays when photosynthetic yield reduction
occurred for all strains, and for R. raciborskii strains WS02 and
WS09 from P-free and NP-free treatments during the exponential
growth phase (day 7) (electronic supplementary material, table
S1). For logistical reasons, DIP uptake kinetics was determined
for four strains only: R. raciborskii WS02 and WS09, and

C. ovalisporum LHCO01 and LHCO02, by spiking 8-10 labelled n

DIP solutions into subcultures (table 1). From the pilot exper-
iments conducted with R. raciborskii WS02, we confirmed that
the maximum or near-maximum uptake rates under both replete
DIN and P, and the P-free treatments, were achieved by spiking
solution P1 which had the highest DIP concentration. Hence,
the maximum or near-maximum uptake rates for all strains
were approximated by spiking solution P1.

In the bioassay, subsamples (7 ml) from each duplicate were
placed in 50 ml polypropylene conical tubes and spiked with 7 to
14 pl of DIP standard solutions. The mixed solution resulted in
DIP concentrations (S) ranging from 3.89 x 107 to 0.298 mg 17",
One millilitre of the mixed solution was then gently filtered
through a 0.4 pm polycarbonate membrane filter (Steritech,
USA) at the time intervals described in the pilot experiment.
The filter and filtrate (500 pl) were collected separately and
placed in scintillation vials with 4 ml scintillation liquid that
comprised 3.6 ml scintillation cocktail (Ultima Gold, PerkinEl-
mer, VIC, Australia) and 0.4 ml MilliQ water. Mixtures were
vortexed to completely mix. Background radioactivity was deter-
mined from the solution of scintillation liquid only. DIP standard
solutions mixed with the scintillation liquid were also used as a
reference to calculate the reading efficiency for each sample. All
mixtures were read with a liquid scintillation counter (Tri-Carb
2810TR, PerkinElmer, MA, USA).

(iii) DIP uptake rate
The counts per minute (cpm) of all samples from the scintillation
counter output were corrected with the reading efficiency and
converted to disintegrations per minute (dpm) as a measure of
radioactivity:

cpm

reading efficiency (2.1)

dpm =
The reading efficiency of each subsample was calculated from
comparing cpm readings of the combined filter and filtrate, to
the cpm reading of the theoretical value, i.e. the spiked DIP
standard solution:

(Cpmﬁlter +cp mfiltrate) ) (22)

reading efficiency = cpm.

standard

Phosphorus (P) incorporation into cyanobacteria cells, i.e.
cells on the filter, was based on the dpm reading of the filter
and the radioactivity and proportion of **P in the DIP solution:

CPMyjier

— 2.
reading efficiency’ 23)

dpmﬁlter =
and

_ dpmﬁlter k- 1

S 24
22x10° %3P’ 24)

where P is the amount of DIP that is taken up by cells (pmol),
2.2x10° is a constant of dpm in 1 pCi (radioactivity of **P), %
%P is the percentage of **P in the DIP solution (electronic sup-
plementary material, table S2), and k is pmol P in 1 nuCi of the
DIP standard solution. k is calculated from the amount of **P
(pmol) and its real-time radioactivity, N; (uCi), in the DIP stan-
dard solution. Here N; is the radioactivity that undergoes
decay after time ¢ (d), calculated as follows:

Nt — N0870.693-t/25.6 (25)

where Nj is the original radioactivity (nCi) and 25.6 is the half-
life of P (d).

The uptake rate v (pmolel_1 min~!) for each treatment
over the time course T was then calculated from the changes of
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Table 1. Average values of DIP uptake kinetics (Vmax, maximum uptake rate; Ks, half saturation constant; ¢, uptake affinity) that best fit a revised Michaelis—
Menten equation for strains of R. raciborskii and C. ovalisporum, after running Monte Carlo simulations (see Methods). Day indicates the time to run the DIP

uptake bioassay after culture inoculation.

DIP uptake kinetics

DIP standard Viax (ng P K, (mg «
species strain  treatment solutions pg'cd™ ) (VoK)

Raphidiopsis Ws02 replete DIN and P 18 1,2,356,7910 0.90 1.04 0.87

raciborskii Pfree 7 1,23,4567891 132 001 197.19
S —— Wt e i e

NP-free 7 1,23567809 10,11 1.3 003 4011
S — W e e o e

WS09  replete DIN and P % 1,23,567910 041 052 0.79
et B e e S

P-free 0 3,4567809 11 283 002 13143
e i ! it

NP-free % 3,45678091 205 008 25,07
Y e e

ovalisporum P-free 55 1,2,3,4,567,809,10 063 001 94,33
e Nl o St

LHC02  replete DIN and P 53 2,3,45680910 047 001 3931
S W e — i g

NP-free % 1,23,45678910 0.56 001 106.16

P concentration in each 1 ml filtrate in the bioassay:

e A[PL/AT/

(2.6)

where A[P] is the change in P concentration (mg 'Y, AT is
change in time (min) and V is volume (ml).

(iv) DIP uptake kinetics

The calculated uptake rates v and the DIP concentration (S) in the
mixed solution after the DIP spike were used in the Michaelis—
Menten equation [22] modified with incorporation of cellular P
quotas [11]:

-0 . S . Qmax_Q
e Kv+5 Qmax_Qmjn’

where Upqx is the maximum uptake rate (pmol P ml™' min™), K,
is the half saturation constant at 0.50,,,x (Mg I™Y. Q is the instan-
taneous cellular-nutrient quota, i.e. cellular P quota of the culture
when running the bioassays. This Q was approximated from the
measured particulate nutrients (see ‘Sample analysis’). Qmax and
Qmin are the maximum and minimum cellular-nutrient quotas,
respectively. In this study, Qmax and Qmin Were expanded as 1-
to 1.5-fold and 0.5- to 1-fold of the maximum and minimum
quotas that we measured from the growth experiment, to reason-
ably cover their ranges. Monte-Carlo simulations were run to
determine the best fit of vma and K, with the given external
DIP supply, based on adjusted R”. The uptake affinity o, the
initial slope of the Michaelis-Menten curve at low substrate
concentrations was then calculated as follows:

[

2.7)

_ Umax
a= X, (2.8)

Higher values of « indicate greater capacity to take up DIP at
low DIP concentrations.

(c) Alkaline phosphatase activity assay

(i) Pilot experiment

Pilot experiment was undertaken (see electronic supplementary
material, methods S3), and 37°C was determined as the optimal
temperature to run alkaline phosphatase activity (APA) assays.
The borate buffer with a pH 9.6, mixed with 1 mol1™" boric
acid (Chem-Supply, SA, Australia), and 1moll™" sodium
hydroxide (Ajax Finechem, NSW, Australia), was used to opti-
mize the pH for the assays. The intervals for subsampling for
APA were set at 10s, 20 s, 1 min, and at increasing intervals
for a total of eight time points, following the addition of 1 ml
borate buffer and 0.3 ml of a 1 mmol 1" 4-MUP substrate sol-
ution (4-methylumbelliferyl phosphate disodium salt, Sigma
Aldrich M8168 (Sigma Aldrich, MO, USA), diluted in MilliQ
water) into a 2.7 ml subculture.

(ii) Assay set-up and APA measurement
In this study, APA of the whole culture was measured to approxi-
mate the intracellular APA, as insignificant amounts of APA have
been found to occur in the filtrate (extracellular) compared with
the filters (intracellular) [23]. In the assay, subcultures (2.7 ml)
were taken on specific days (electronic supplementary material,
table S1), incubated at 37°C for 10 min then APA was measured.
The 2.7 ml subculture was mixed with 4-MUP substrate sol-
ution and borate buffer as in the pilot experiment, inverted three
times to fully mix, and then immediately transferred to a quartz
cuvette of a spectrofluorometer (Carly Eclipse Fluorometer, Varian
Australia, Victoria, Australia) for readings. The excitation and the
emission wavelengths were set at 360 and 440 nm, respectively.

(iii) APA calculation
APA was calculated by comparing the relative fluorescent units
against a standard curve using 4-MUF (4-methylumbelliferon
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Table 2. Average days to photosynthetic yield reduction (d) for the R.
raciborskii and C. ovalisporum strains under P-free and NP-free treatments.

time to
photosynthetic yield
reduction (d)

species strain P-free NP-free

Raphidiopsis raciborskii WS01 12 12
WS02 14 14
v v n
WS08 7 10
w9 10 1
WS 9 10

Chrysosporum ovalisporum ~~~ LHCOT 55 21
LHC02 54 14

sodium salt; Sigma Aldrich M1381, Sigma Aldrich, MO, USA).
This standard curve was produced on each day when running
the APA assays (see days listed in electronic supplementary
material, table S1). The rate of APA was then calculated for
each strain from each treatment on these days.

(d) Sample analysis

(i) Growth rate, cell enumeration and biovolume

Subcultures (5 ml) were taken for OD750 readings and cell enu-
meration two to three times a week until the day of 10%
photosynthetic yield reduction (table 2), as per methods in
Xiao et al. [12]. Our previous studies showed that Australian R.
raciborskii strains do not have well defined lag, exponential,
stationary and decline phases, irrespective of growth media or
conditions [12,24-26]. However, for the purpose of this study,
we used the first order rate kinetics [26,27] to calculate the
growth rate from cell enumeration, and we defined exponential
growth phase as corresponding to period before a substantial
decrease in growth rate, suggesting that cells were approaching
stationary phase and acknowledging that growth rates were
not clearly delineated in a classical definition.

Cell width and length, trichome length, cell enumeration and
biovolume were measured microscopically for preserved
samples, and used to calculate cell volume following Xiao et al.
[12], Zohary et al. [28]. The volume of vegetative cells and hetero-
cysts was computed assuming a cylindrical shape for vegetative
cells for both species, and spherical and prolate spheroid shapes
for C. ovalisporum and R. raciborskii heterocysts, respectively [29].
The cell number and volume were determined from measuring
one replicate of each strain under each nutrient treatment on
each sampling day, and the remaining samples were calculated
from the correlation between OD750 and cell counts (electronic
supplementary material, table S3). Note that in this study, hetero-
cysts started to differentiate approximately 5 days after N
deprivation (data not shown in this study, as it is not the focus).

(ii) Cellular G, N and P, and dissolved inorganic N and P analyses
Particulate C, N and P of all strains under each treatment were
taken for analysis at a known volume (listed in electronic sup-
plementary material, table S1) and were used to approximate
the cellular content of C, N and P, respectively, as per Xiao
et al. [12]. Cellular P quota was then determined in three forms:
standardizing by cellular P to C (ug P pg™" C), cell number (ug P
cell™) and biovolume (ng P pm_S).

Filtrates (12 ml) of each culture were collected by passing “

samples through 0.45 pm cellulose acetate membrane filters (Sar-
torius Stedim Biotect, Germany), and DIN (ammonium +
nitrate/nitrite) and P (phosphate) concentrations were measured
following Xiao et al. [12].

(e) Statistical analysis

Differences in exponential growth rates, cellular P quotas (P per
unit C, cell and biovolume), maximum DIP uptake rates, and
maximum APA, under the three nutrient treatments and for all
strains were tested by two-way ANOVA. Data were Boxcox-trans-
formed to meet the assumptions of homogeneity of variances and
normal distribution of residuals [30]. Levene’s test was run to test
the homogeneity of variance, and the Shapiro-Wilk test was used
to test for normality of the distribution of residuals. Al ANOVA
tests were followed with a post hoc Tukey’s test to determine sig-
nificant differences (p <0.05) among strains and treatments [31].
All statistical analyses were performed with R software (www.
r-.project.org). Segmented regression analysis was used to deter-
mine the threshold of cellular P quotas where there was an
abrupt change in DIP uptake affinity and APA (R software
package: segmented).

3. Results

(a) Photosynthetic yield and growth rate

The time for C. ovalisporum to reach photosynthetic yield
reduction was substantially longer than that of R. raciborskii
in the P-free treatment (i.e. 7-14 days for the six R. raciborskii
strains, compared with 54-55 days for the two C. ovalisporum
strains; table 2; electronic supplementary material, figure S2).
The time for yield reduction in C. ovalisporum strains was also
much longer in the P-free treatment than in the NP-free treat-
ment, but this was not the case for R. raciborskii strains
(table 2). For nearly all strains across all treatments, photosyn-
thetic yield reduction occurred when cell concentrations
increase had slowed or had stopped increasing (electronic
supplementary material, figure S2).

The mean exponential growth rate varied by approxi-
mately twofold and threefold among C. ovalisporum and R.
raciborskii strains across the three nutrient treatments, respect-
ively, and threefold when combining them all (figure 2). Most
strains had significantly lower growth rates in NP-free treat-
ment compared to the P-free and replete DIN and P
treatments (p <0.05; figure 2). Four of the strains (WS02,
WS09, WS11 and LHCO02) always had significantly lower
growth rates in the P-free treatment than in the replete DIN
and P treatment (p <0.05), while the other strains showed
no statistical difference (figure 2).

(b) Cellular-nutrient concentration and stoichiometry

The cellular C, N and P content varied substantially among
species, strains, nutrient treatments and over the duration
of the growth experiments (electronic supplementary
material, table S4). For instance, cellular P content varied by
nearly 16- and 17-fold among all strains and all treatments
of R. raciborskii and C. ovalisporum, respectively (electronic
supplementary material, table S4). Cellular P quotas mostly
decreased under P-free and NP-free treatments but increased
under the replete NP treatment, varying by strains. For
instance, P quota of C. ovalisporum LHCO1 decreased by
approximately 20-fold during the 55-day experiment in the
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Figure 2. Exponential growth rates of R. raciborskii (WS) and C. ovalisporum
(LHQ) strains under the three nutrient treatments; (a, b and ¢) indicate differ-
ences for the same strain among different treatments.

P-free treatment, from 0.075 to 0.004 ug P ug ™' C (electronic
supplementary material, figure S3a).

On the day of photosynthetic yield reduction, cellular P
quotas (P per unit C, cell or biovolume), were always signifi-
cantly higher in replete DIN and P treatments than P-free and
NP-free treatments for all strains (p <0.05, electronic sup-
plementary material, figure S4). All the eight strains had
higher P quotas in the NP-free treatment than P-free treat-
ment, but were only statistically higher for four strains,
WS03, WS08, LHC01 and LHC02 (p<0.05 electronic
supplementary material, figure S4).

In the treatments with replete P, irrespective of DIN avail-
ability or cell growth stage, C. ovalisporum strains always stored
significantly more P per unit C or cell than R. raciborskii strains,
but not necessarily more P per unit biovolume (electronic sup-
plementary material, figure S5). This was evidenced by
comparing P quotas between the NP-free treatment on day 0
(when cultures were acclimated to DIN-free condition prior
to being inoculated under the NP-free treatment, hence P
was replete on the day), and day 0 and the day of photosyn-
thetic yield reduction under the replete DIN and P treatment
(electronic supplementary material, figure S5).

(c) Dissolved nutrient concentrations

The ammonium, nitrate/nitrite and DIP concentrations in the
growth media varied among strains, nutrient treatments and
over the duration of the experiments (electronic supplemen-
tary material, table S5). DIP was mostly close to, or below
the detection limit of 0.001 mg 1" in P-free and NP-free treat-
ments on the day of photosynthetic yield reduction. When
DIN was not supplied, i.e. in the NP free treatment on the
day of photosynthetic yield reduction, ammonium and
nitrate/nitrite  concentrations ranged from 0.009 to
0.027 mg 1" and 0.008 to 0.032mg1™", respectively, across
all R. raciborskii and C. ovalisporum strains (electronic
supplementary material, table S5).

(d) DIP uptake rates and kinetics

On the day of photosynthetic yield reduction, the measured
maximum DIP uptake rates (derived from spiking with the
highest concentration of DIP standard solution) varied by
fourfold among C. ovalisporum strains, and increased to 100-
fold when including R. raciborskii strains (electronic sup-
plementary material, table S6). The maximum DIP uptake
rates were significantly lower in the treatment with replete
DIN and P than those in the NP-free and P-free treatment

for all strains, but showed no significant difference between
NP-free and P-free treatments, except for WS01 and WS11
which were significantly lower in the NP-free treatment (elec-
tronic supplementary material, table S6).

DIP uptake kinetics across the four strains used in these
experiments (R. raciborskii WS02 and WS09, C. ovalisporum
LHCO01 and LHCO02) followed Michaelis-Menten kinetics
(equation (2.8), incorporating cellular P quotas), irrespective
of nutrient treatment or growth stage (figure 3). In figure 3,
day 7 from P-free and NP-free treatments was the day
during the exponential growth phase; days 10 and 14 from
P-free and NP-free treatments were the days of photosyn-
thetic yield reduction and chosen as the late exponential
growth phase. To ensure accurate comparisons of DIP
uptake kinetics against cellular P quotas with and without
DIP supply, samples from the replete DIN and P treatment
were supposed to be chosen as days corresponding to photo-
synthetic yield reduction in either P-free or NP-free treatment
(i.e. days 14 for both R. raciborskii WS02 and WS09). While,
for logistical reasons, day 18 was chosen for WS02, we
believed that very minor changes occurred in DIP uptake
kinetics and cellular P quotas in WS02 within the 4 days.

Hence, DIP uptake affinity @ (vye/K,) varied across
strains, growth stage and treatments. The lowest uptake affi-
nity occurred in the treatment with replete DIN and P for all
strains (table 1). R. raciborskii WS02 and WS09 both had a
higher value of & in the early exponential phase for NP-free
treatment, whereas WS09 had a higher « later in the exponen-
tial phase (table 1). On the day of photosynthetic yield
reduction, the strains of C. ovalisporum (LHCO01 and
LHCO02), and R. raciborskii WS02 had the highest values of «
in the NP-free treatment, while only R. raciborskii WS09 had
the highest value in the P-free treatment. Some strains
showed an abrupt increase in v,y under the highest DIP con-
centration, e.g. WS02 in the NP-free treatment on day 14 had
a Upmax Of 1.5 ug P ygfl C d7!, which deviated from the model
prediction of approximately 1.2pgPug™' Cd™" by 20%
(electronic supplementary material, figure S6).

Combining « values from the four strains and three nutri-
ent treatments, there was a declining trend with increase in P
quota per unit C (figure 4). Considering R. raciborskii strains
only, DIP uptake rates increased sharply for a quota of less
than 0.0098 ng P pg™" C (figure 4).

(e) Alkaline phosphatase activity
APA values varied inconsistently with growth stage of
R. raciborskii and C. ovalisporum strains when DIP supply
was absent (electronic supplementary material, figure S7).
Therefore, for comparisons between species, strains and treat-
ments, the maximum APA values were used (figures 5 and 6).
This APA value varied by approximately 20-fold among R.
raciborskii strains across the three nutrient treatments, but 60-
fold when combining all R. raciborskii and C. ovalisporum
strains. Values of the maximum APA of C. ovalisporum strains
were significantly higher than that of R. raciborskii strains per
unit C, cell or biovolume (figure 6). The P-free treatment
resulted in significantly higher maximum APA than the
replete DIN and P treatment for all strains, and the NP-free
treatment for all strains except WS03 (p < 0.05; figure 5).
Combining APA from all strains from all nutrient treat-
ments, there was a clear declining trend with increased P
quota per unit C (figure 7). At a P quota threshold of
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Figure 3. DIP uptake kinetics of R. raciborskii strains WS02 and WS09, and C. ovalisporum strains LHCO1 and LHCO2 under the three nutrient treatments on different
days. For example, WS02 NP-free day14 in (a) means that the bioassay in measuring DIP uptake kinetics was conducted with the culture of R. raciborskii strain WS02
grown under NP-free treatment for 14 days. A Michaelis—Menten function was applied for curve fitting.
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Figure 4. DIP uptake affinity & (vmay/K;) in relation to cellular P quotas for R. raciborskii strains WS02 and WS09, and C. ovalisporum strains LHCO1 and LHC02
under the three nutrient treatments (a). Dashed line indicates the threshold of cellular P quota for affinity changes for the two R. raciborskii strains through

segmented regression analysis (b).

approximately 0.0101 pg P pg™ C, APA increased sharply,
based on analysis of the strains of the two species either
together or separately (figure 7).

4. Discussion

(a) Cellular P storage is critical for DIP uptake and DOP
utilization

Our study has shed new light on the critical role of cellular-
nutrient storage in determining switches in nutrient utiliz-
ation strategies, which differ substantially between species
and their strains. This study showed that cellular phos-
phorus (P) storage by the cyanobacteria R. raciborskii
(basionym C. raciborskii) and C. ovalisporum (basionym

A. ovalisporum) is inversely related to uptake affinity o (=
maximum uptake rate (vn,)/ half saturation constant
(K,)) of phosphate (DIP) and APA. A cellular P quota of
approximately 0.01 pg Ppug™ C  delineates a transition
between low- and high-affinity of DIP uptake across all
six R. raciborskii strains. The same threshold also occurred
for APA for the R. raciborskii strains and two C. ovalisporum
strains. This threshold was obtained irrespective of external
supplies of DIP or dissolved inorganic nitrogen (DIN).
Analysis of P quotas needs to become an integral part of
physiological studies and models should also include
dynamic changes in quotas to improve predictions of cya-
nobacteria responses to nutrient limitation. This would
ultimately affect species competition and dominance
under nutrient limitation, and will aid strategies to mitigate
cyanobacterial blooms.
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Figure 5. The comparison of maximum APA for each R. raciborskii (WS) and C. ovalisporum (LHC) strain between treatments of replete DIN and P, P-free and NP-
free: (a) APA (nmol P pug™" Cmin™"), (b) APA (nmol P cell ™" min™") and (c) APA (nmol P pm™> min™").

DIP uptake kinetics have been extensively studied in lab-
oratory cultures and field populations of cyanobacteria, and
either vmax or K, has been used to compare nutrient uptake
capacity within and between species [11,32,33]. Our results
highlight the inadequacy of using these parameters individu-
ally as considerable variability exists in vmax and K, among
species, strains and even in the same strain at different
growth phases or under different nutrient treatments (see
Results) [5]. For example, a study of K, values for a marine
cyanobacterium, Synechococcus sp. WH7803 differed by
greater than 20-fold between DIP-replete and DIP-starved
treatments [33]. Umax also increased as DIP supply decreased,
indicating the induction of a high-affinity DIP transport
system for WH7803 [33]. The same has been found for R. raci-
borskii laboratory cultures and field populations [10,23].
Synechococcus PCC6803 has two complete pstSCAB systems;
one with low uptake affinity but high uptake rate and another
with high uptake affinity but low uptake rate, underpinning
the independence of Um.x and K, [34]. On the other hand, a
marine cyanobacterium, Prochlorococcus, with low Umax
measured in laboratory cultures and field populations, can

still compete in low DIP environments due to high uptake affi-
nity [35,36]. By contrast, similar K, values occur for species
grown at the same DIP concentration; for example, R. racibors-
kii, Microcystis aeruginosa and Aphanizomenon flos-aquae [32].
This was also demonstrated for a toxic and non-toxic strain
of M. aeruginosa [11].

The substantial variation in vg. and K, within and
between species could be explained by several factors, includ-
ing availability and history of nutrients, light and temperature,
and cell physiology, e.g. preference for growth versus nutrient
storage, and growth phase [37,38]. We recommend using affi-
nity in relation to cellular P quotas, rather than using vmax or
K, alone, for a comparison in nutrient utilization capacity,
especially under nutrient limiting conditions.

We found APA increased with a decrease in cellular P
quotas across strains of R. raciborskii and C. ovalisporum, simi-
lar to findings for M. aeruginosa strain 905 [39]. P quotas have
also been linked to physiological functions, for example, a
study showed that P quota threshold of 0.3-0.45 pg P cell™
was measured for akinete differentiation in trichomes of
Dolichospermum circinale [40].

Y0ZLET0T 06T g 20S Y 20id  qdsi/jeusnol/bi0-buiysiigndfianosiedol H



Downloaded from https://royalsocietypublishing.org/ on 21 July 2023

(a)
i 100 1 strain
‘g WSO01
o 751 WS02
- WS03
=11]
P WS08
o 901 H WS09
g i WwS11
| LHCO1
E B LHC02
< b ¢ ¢ c ¢
S a a a :
< 0 o A B i
replete DIN and P P-free NP-free
treatment
)
~ 150 1 e
£
E 1000 .
T 100 A
E
= 500
g 50
&
< bc ac bec pe be
[a W)
< 0 L T 0 T
replete DIN and P P-free
treatment
()
12.5
2 10.0 1
g
IE 7.5 1
3
a9
= 501 :
£ 25 h :
.. 7 f .
EE ¢ gacaaddeef
< ) e D

T
replete DIN and P

T
P-free NP-free
treatment

Figure 6. The comparison of maximum APA between R. raciborskii (WS) and C. ovalisporum (LHC) strains under each of the treatment of replete DIN and P, P-free
and NP-free: (a) APA (nmol P g™ Cmin™"), (b) APA (nmol P cell ™" min™") and (0) APA (nmol P ym~> min~").

(b) Inter- and intra-population strain variation
Our study showed that the six R. raciborskii strains isolated
from one population, and two C. ovalisporum strains, isolated
from another, varied widely in their exponential growth
rates, time to reach photosynthetic yield reduction, cellular-
nutrient quotas, DIP uptake rates and APA, in response to
treatments with or without DIP and DIN. This substantial
inter- and intra-population variability has previously been
reported in cyanobacteria responses to different light, tempera-
ture and nutrient treatments [12,41]. Strain variability appears
to confer resilience of species through flexibility to respond to a
wide range of, as well as changing, environmental conditions.
Our study found that under P-free conditions, C. ovalis-
porum cultures maintained their growth for approximately 55
days until P starvation, based on photosynthetic yield
reduction. This time was significantly longer than that of R.
raciborskii strains (less than or equal to 14 days) (see Results
and Xiao et al. [12]). This could possibly be explained by the
significantly higher APA and higher P quotas of C. ovalisporum
strains than R. raciborskii strains. This means that C. ovalisporum
has greater capacity than R. raciborskii to withstand DIP star-
vation by depleting the P reserves within cells, and using
recycled DOP. It should be acknowledged that APA has
been interpreted as an indirect proxy for utilization of DOB
the AP enzyme only mineralizes the most abundant and

labile constituents of cellular DOP pool, i.e. esters. R. raciborskii
has also been shown to use other forms of DOD e.g. phospho-
nates [23], and it is not clear whether C. ovalisporum has this
same capacity. However, the utilization of forms of DOP
other than esters was not examined in this study.

Schoffelen et al. [16] compared the effectiveness of DOP
utilization between C. ovalisporum and another ubiquitous
bloom-forming cyanobacterium, Dolichospermum, in field
populations when DIP concentrations were very low in
summer. The authors found that C. ovalisporum acquired
approximately 85% of its cellular P-demand from DOF, and
only 15% from DIP; while Dolichospermum typically obtained
40% of cellular P from DOP, and 60% from DIP. Overall, it
appears that C. ovalisporum competes strongly for DOP com-
pared with other cyanobacterial species, hence may give it the
capacity to dominate phytoplankton populations when DIP
becomes limited. Chen ef al. [42] found that another cyano-
bacterium, Aphanizomenon flos-aquae could maintain growth
from a one-off DOP supply for approximately 60 days via
APA. The authors concluded that the coordination of dis-
solved DOP mineralization and continuous utilization of
polyphosphate (a typical form of cellular P) might contribute
to the maintenance of A. flos-aquae when relying on DOP. This
time period of 60 days is similar to the time for maintaining
growth by C. ovalisporum strains in our cultures (approx. 55
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lines indicate the threshold of cellular P quota relative to APA change for all the strains combined (a,c) and R. raciborskii strains only (b,d) through segmented

regression analysis.

days), suggesting similarities in the strategies of Aphanizome-
non and C. ovalisporum.

Active uptake of DIP and DOP requires more energy than
passive DIP uptake [43], which may necessitate trade-offs
between energy investment in the respective form that is
taken up. The species R. raciborskii appears to be a superior
competitor for low concentrations of DIF, while C. ovalisporum
is a superior competitor for DOP. Hence, R. raciborskii may
dominate over C. ovalisporum when there are frequent spikes
of low concentrations of DIP [44], while C. ovalisporum could
dominate over R. raciborskii when DOP is abundant. It should
also be noted that in a system with limited DIP input, the
hydrolysis of DOP into DIP by C. ovalisporum could favour
the persistence and coexistence of other species. For instance,
Schoffelen et al. [16] reported that the capacity of Aphanizomenon
to use DOP favoured the persistence of Nodularia, Dolichosper-
mum and Aphanizomenon through resource (P) partitioning.

(c) Impact of DIN limitation on P utilization strategies
Our experiments showed that DIN availability affected DIP
uptake affinity. In the P-free treatment, DIP uptake affinity
of R. raciborskii WS02 decreased in the late exponential
growth stage, while it increased for WS09. In comparison,
for the NP-free treatment, DIP uptake affinity of both strains
increased from the early to late exponential growth stages.
Therefore, the limitation of DIN reduced the strain variability
in terms of their capacity to take up DIP.

We found that three out of the four strains (i.e. R. raciborskii
WS02, and C. ovalisporum LHC01 and LHC02) had lower DIP
uptake affinity in the P-free treatment than in the NP-free treat-
ment on the day of photosynthetic yield reduction. The lower
uptake affinity in the P-free treatment may be due to
insulfficient cellular P stores to provide energy for DIP uptake.

(d) Future research

Our culture study highlighted how cellular P quotas and exter-
nal DIN and P supplies, affect DIP uptake and APA across two
diazotrophic cyanobacteria species and multiple strains,
emphasizing the importance of measuring cellular P in study-
ing species competition and dominance, especially when DIP
is limiting. Therefore, it would be invaluable to replicate
these experiments with field population. One previous field
study during a R. raciborskii bloom, showed that the APA of
the population increased dramatically below a threshold of cel-
lular P quota of 0.65 pg P pg ™" chlorophyll a Prentice et al. [45].
Using a C:chlorophyll mass conversion factor of 50:1, this
value can be converted to 3.25pgPpug ' C. However, it
should be acknowledged that, this conversion factor can
vary by an order of magnitude, depending on species and
environmental conditions [46]. This threshold is considerably
higher than that of 0.01 pg P pg™" C derived in our study. It
highlights the need for a more accurate way of measuring P
quotas in individual cyanobacterial species or strains and to
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reduce potential confounding effects from other phytoplank-
ton, bacteria, viruses, detritus, and inorganic material.

In this study, batch cultures were used and using pre-star-
ving of cells and regular monitoring of photosynthetic yield,
P limitation could be determined. However, future studies
would benefit from continuous culture experiments which
would allow manipulation of a range of DIP concentrations.
We have made it clear that DIP uptake kinetics would change
substantially with different nutrient treatments and sampling
days from the two R. raciborskii strains. We acknowledge that
we have not fully quantified population variability and that
this should be a focus of future studies.

Our study found multi-phasic uptake kinetics in P-free
treatment, with uptake rates of DIP increased again after reach-
ing a plateau, suggesting activation of one or more nutrient
transport systems with increasing DIP inputs. This multi-
phasic rather than monophasic uptake kinetics has been
shown in the uptake rates of N or P in a number of phyto-
plankton species [47,48]. There is a challenge now to
improve models by incorporating multi-phasic uptake kinetics,
which may be particularly important for replenishment of cya-
nobacteria nutrient quotas when there are intermittent pulses
of nutrients (e.g. from stormflows and mixing events [49]).

5. Conclusion

Our study, using strains from two diazotrophic cyanobacter-
ial species, R. raciborskii and C. ovalisporum, provides evidence
that cellular P quota drives high-affinity DIP uptake and APA
at a critical threshold of approximately 0.01 pg P pg™" C. R.
raciborskii has superior DIP uptake rates, while C. ovalisporum
has superior APA capacity under low DIP concentrations.
Hence there is a trade-off between DIP uptake and DOP
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