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Abstract

1. This study combines two approaches to explore the utility of Monod growth kinetics to predict competition outcomes between
freshwater cyanobacteria and chlorophytes at low iron Fe. Fe threshold concentrations (FeT) below which growth ceases, and
growth affinities (slope of Fe concentration vs growth rate near FeT) were estimated for three large-bodied cyanobacteria (two
N-fixers and Microcystis) and two chlorophytes in batch cultures. 2. Mean FeT for N-replete cyanobacteria, N-deplete (when
N-fixing) cyanobacteria and chlorophytes were 0.076, 0.736 and 0.245 nmol L-1 , respectively. Mean affinities were 0.937, 0.597
and 0.412 L nmol-1 d-1 , respectively. Assuming that the mean affinities are representative of their groups, affinities predict
that N-replete cyanobacteria are more efficient at acquiring Fe than chlorophytes and should dominate when Fe is low but
greater than their FeT. 3. A second study evaluated the competitive abilities of a pico-cyanobacterium and a third chlorophyte
in dual species, serial dilution culture. The pico-cyanobacterium was dominant at 50 nmol L-1 total Fe (which limited both
taxa) and 500 nmol L-1 total Fe. At 0.5 nmol L-1 total Fe, a stressful concentration below FeT during most of the incubation,
growth rates and cell densities were extremely low but neither had washed out after several months. 4. These results show
that Monod kinetics can successfully predict competition outcomes in laboratory settings at low Fe. While important, Monod
kinetics are only one mechanism governing competition between cyanobacteria and eukaryotes in natural systems. Observed

deviations from Monod predictions can be partially explained with known mechanisms.
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Abstract

1.

This study combines two approaches to explore the utility of Monod growth Kkinetics to
predict competition outcomes between freshwater cyanobacteria and chlorophytes at low iron
Fe. Fe threshold concentrations (Fet) below which growth ceases, and growth affinities (slope
of Fe concentration vs growth rate near Fer) were estimated for three large-bodied

cyanobacteria (two N-fixers and Microcystis) and two chlorophytes in batch cultures.

. Mean Fer for N-replete cyanobacteria, N-deplete (when N-fixing) cyanobacteria and

chlorophytes were 0.076, 0.736 and 0.245 nmol L, respectively. Mean affinities were 0.937,
0.597 and 0.412 L nmol™* d, respectively. Assuming that the mean affinities are
representative of their groups, affinities predict that N-replete cyanobacteria are more efficient
at acquiring Fe than chlorophytes and should dominate when Fe is low but greater than their

Fer.

. A second study evaluated the competitive abilities of a pico-cyanobacterium and a third

chlorophyte in dual species, serial dilution culture. The pico-cyanobacterium was dominant at
50 nmol L total Fe (which limited both taxa) and 500 nmol L™ total Fe. At 0.5 nmol L™ total
Fe, a stressful concentration below Fet during most of the incubation, growth rates and cell
densities were extremely low but neither had washed out after several months.

These results show that Monod kinetics can successfully predict competition outcomes in
laboratory settings at low Fe. While important, Monod Kkinetics are only one mechanism
governing competition between cyanobacteria and eukaryotes in natural systems. Observed
deviations from Monod predictions can be partially explained with known mechanisms.

KEYWORDS
nutrient thresholds, low iron, Monod growth affinity, dual species competition, cyanobacteria,

eukaryotic algae
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1. INTRODUCTION

Iron (Fe) is an important micronutrient for cellular growth and proliferation of phytoplankton
populations. It is a co-factor in approximately 30% of oxidoreductase enzymes with known
structure (Andreini et al., 2008) and is integral to many pathways including respiration,
photosynthesis and nitrogen (N) fixation (Shi et al., 2007; Waldron & Robinson, 2009). Despite
being abundant in the Earth’s crust, free (uncomplexed) dissolved Fe is typically in low supply in
the euphotic zone of aquatic environments due to the low solubility of the dominant oxidized
ferric form (free Fe*3), with the majority of total dissolved Fe*3 chelated to dissolved organic
compounds (Molot & Dillon, 2003; McKay et al., 2005; Neal et al., 2008; Sorichetti et al., 2014;
Du et al., 2019). Despite relatively small amounts of Fe needed by phytoplankton compared to N
and phosphorus (P), Fe limitation of phytoplankton has been observed in several eutrophic
aquatic systems with elevated demand for nutrients (Wurtsbaugh & Horne, 1983; Evans &
Prepas, 1997; Twiss et al., 2000; Downs et al., 2008; Romero, et al., 2013; Schmidt, 2018). Fe
limitation has also been observed in ocean waters (Brand, 1991; Martin et al., 1994 Nature 371,
Maldonado & Price, 1999).

Cyanobacteria could be more susceptible to Fe limitation than eukaryotic algal growth because
of their higher Fe requirements, especially when dependent on N fixation which requires Fe as a
cofactor (Molot et al., 2014; Dixon & Kahn, 2004). Yet, their higher cellular demand has not
deterred dominance of large-bodied (filamentous and colonial) cyanobacteria in many eutrophic
systems (Downing et al., 2001; Paerl & Huisman, 2009) or the prevalence of pico-cyanobacteria
across a trophic range (Vo6ros et al., 1998; Bell & Kalff, 2001; Callieri & Stockner, 2002; Callieri
et al., 2007), suggesting that cyanobacterial capacity for acquiring Fe may be greater than
eukaryotic phytoplankton.

The ability to acquire a nutrient can be represented with membrane transport and growth kinetic
parameters. Fe transport can be described using the Michaelis-Menten model (Caperon & Meyer,
1972),

Cre — Fer
Kpe + Cpe — Fer

V= VUpg(
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where v is the Fe transport rate, Vmax is the maximum transport rate, Cre is the concentration of
Fe, Fer is the threshold concentration of Fe, and Kre is the half-saturation constant which is the
concentration of Fe when the v is half the value of vmax. The initial slope as Cre approaches Fer,
called the transport affinity, is given by vmax/(Kre — Fer) (Molot & Brown, 1986) and is an
indicator of transport efficiency at low Cre. Kre cannot be used by itself to infer relative

competitive efficiency compared to other species except when their vimax Values are similar.

By analogy, the relationship between growth rate and Fe concentration under pseudo-steady state

conditions is described by the Monod equation,

Cre — Fer
Kpe + Cpe — Fer

U= Umax(

where p is the growth rate and pmax is the maximum growth rate at high Cre (Monod, 1950;
Goldman et al., 1974; Kilham, 1975; Jiang et al., 2019). Similarly, the growth affinity as Cre
approaches Fer is given by umax/(Kre— Fer) (Healey, 1980).

Both of these models are simplified in the sense that they do not incorporate steps that may be
rate limiting such as Fe reduction prior to uptake (Shaked et al., 2005; Sutak et al., 2012) nor do
they explicitly include the effects of Fe debt (degree to which Fe is needed), temperature
(Goldman & Carpenter, 1974), light (Sunda & Huntsman, 2015), and binding strength of

different organic ligands in media (Jones et al., 2015).

Nutrient Kinetics can be empirically useful for predicting the outcome of species competition
(Taylor & Williams, 1975; Titman, 1976; Kilham & Hecky, 1988; Sommer, 1993), however,
there is little information comparing phytoplankton threshold concentrations and affinities for Fe.
Transport parameters have been determined for several freshwater cyanobacteria species and a
marine diatom (Sunda et al., 1991; Fujii et al., 2011; Rudolf et al., 2015; Fu et al., 2019) and
growth parameters have been determined for several eukaryotic marine species (Sunda et al.,
1991; Sunda & Huntsman, 1995; Jabre & Bertrand, 2020) under varying conditions. Published

Monod equation parameters are summarized in Table 1.
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This paper combines two studies. The first addresses the Monod parameter data gap by
determining umax, Kre and Fer for three common, temperate freshwater large-bodied
cyanobacteria and two chlorophyte species which were used to estimate their growth affinities,
taken to represent their relative competitive abilities at low Fe. The second study explores the
competitive abilities of a pico-cyanobacterium and a chlorophyte under three Fe concentrations
in dual species serial dilution cultures with a view to understanding whether Monod kinetics can
predict competition outcomes in a laboratory setting. We then discuss how other mechanisms

may constrain Monod predictions in natural systems.

2. METHODS

2.1 Monod parameterization study

Cultures of the cyanobacteria Dolichospermum (formerly Anabaena) flos-aquae (CPCC 67),
Aphanizomenon skuja (Lake 227 isolate) and Microcystis aeruginosa (PCC 7005), and the
chlorophytes Chlamydomonas reinhardtii (CPCC 243) and Chlorella vulgaris (CPCC 90) were
grown at 20 °C in either BG11 for the cyanobacteria, or Bolds basal medium (BBM) for the
chlorophytes in deionized water with an equivalent amount of Co as CoSOs instead of Co(NOs)2
(Rippka et al., 1979; Stein et al., 1973). Dolichospermum and Aphanizomenon were also grown
in BG11o without NaNOs and are referred to below as “N-deplete” to distinguish those cultures
from those with NaNOz (N-replete). Cultures were grown in 50 mL Falcon tubes with a working

volume of 30 mL on orbital platform shakers with a 12:12 hr light/dark cycle at 100 umol m2 s,

All species were grown in 1 nmol L Fe as FeCls for three transfers before 1 mL of
exponentially growing cells was transferred into a Falcon tube containing the appropriate media.
Each Monod curve was based on 10 Fe concentrations varying from 0 to 2000 nmol L. All
containers were soaked in 10% trace metal grade HCI over 48 hours and then in deionized Milli-
Q water for another 24 hours. Only acid-washed clear pipette tips were used throughout this
experiment. All media, glassware, and disposable supplies were UV irradiated in a laminar flow

hood for 15 minutes.
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Absorbance at 750 nm (A7so) was used as an indicator of cell number. At 750 nm, interference
from photosynthetic pigments is minimal and can be used as a consistent proxy for cell number
(Chioccioli et al., 2014). Cell numbers were counted with a hemocytometer for comparison to
Azso.

The R package growthcurver (version 0.3.0) was used to estimate the growth rate, p, of each
culture (Sprouffske & Wagner, 2016). This package finds the best fit of a given dataset to the
logistic growth equation:

K
K — N,
14 (—F—2)en
%)
where Nt is the Azso at a given time, K is the carrying capacity, No is the initial Azso, t is time and

Nt=

M is the growth rate. The initial dissolved Fe concentration and associated p were then fitted to
the modified Monod growth equation using the nls function in R with bootstrapping (number of
iterations = 10,000) (McClanahan & Humphries, 2012) used to solve for pmax, Fer and Kre.
Initial slopes were then calculated as pmax/(Kre — Fet). Confidence intervals (ClI) for each
parameter were estimated from the bootstrapped iterations. One way analysis of variance

(ANOVA) and post hoc Tukey’s HSD test compared means based on bootstrapped values.
2.2 Competition study

The freshwater pico-cyanobacterium Synechococcus leopoliensis (CPCC 102) and the
chlorophyte Pseudokirchneriella subcapitata (CPCC 37; formerly Selenastrum capricornutum)
were grown separately and together in semi-continuous (serial dilution) cultures in a range of Fe
concentrations. A pico-cyanobacterium was chosen because of the lower likelihood of inhibitory

allelopathic interactions.

Cultures were grown in Bold 3N medium modified from BBM without vitamins or soil extract in
deionized water (Table S1). Fe was varied while all other nutrient concentrations were held
constant. Total P was 172 umol L and the total N to total P (TN:TP) molar ratio was 51.4. The
media was adjusted to pH 7.0 prior to microwave-sterilization (Keller et al., 1988) and cooled to

room temperature before inoculation.
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Experiments were conducted using 50 ml of culture in 125 ml borosilicate Erlenmeyer flasks
with gauze-covered cotton batting bungs. All flasks were mixed 24 hours per day at 75 rpm on
rotary platform shaker tables. Continuous illumination was provided by fluorescent bulbs with
light intensity ranging from 47.4 to 53.8 umol m?s™, depending on each flask’s position on the
shaker table. To minimize the effect of different light levels, flasks were moved to different
locations on the shaker table three times per week. Temperature varied between experiments,

ranging from 22 to 26 °C.

To assay for the presence of allelopathy, both species were grown in single species batch
cultures, first in defined media at 50 nmol L Fe and then in the sterilized, spent filtrate from the
other species (0.2 um membrane filter) amended with modified Bold 3N nutrients with 50 nmol
L1 Fe and 172 pmol L P. Abundance was measured as absorbance at 680 nm (P. subcapitata)

and 672 nm (S. leopoliensis).

Three serial dilution competition experiments were conducted at 0.5 nmol L, 50 nmol L™ and
500 nmol L total Fe. Each competition experiment included single species cultures and dual
species cultures run simultaneously. Serial dilution was used rather than batch cultures because
periodic provision of fresh media maintains growth of the less competitive species for a longer
time, allowing for inspection of long-term dynamics. Before the start of each experiment, a
starter culture of each species was grown at 0.5 nmol L™ Fe. When the starter cultures reached
mid-exponential growth phase, approximately 2 ml was transferred with a sterile disposable
pipette to each of the experimental flasks containing 50 ml of sterile medium. The volume of the
inoculum was adjusted in each experiment to ensure that the same concentration of algae
(measured as average absorbance or optical density, OD, from 680 to 685 nm) initiated the
culture in each flask. Each of the higher Fe concentrations (50 and 500 nmol L™ Fe) had four
replicate flasks while three replicates were used at 0.5 nmol L™ Fe.

Whenever growth monitoring indicated that the cultures were in late-exponential to early-
stationary phase, 25 mL of each were transferred into a new flask containing 25 ml of sterile
medium (i.e., a 50 % dilution rate). The frequency of dilution varied depending on the Fe
concentration of each experiment with greater dilution frequency at higher Fe. Population

density was measured in samples immediately before and after dilution and between dilutions.
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Due to large errors associated with direct microscopy counts of S. leopoliensis which tended to
form colonies of varying size (Callieri, 2010) making accurate counting of cells difficult, three
optical measurements were used as proxies of biomass concentrations in single and dual species
cultures: mean absorbance between 680-685 nm (optical density, OD), and fluorescence at two
different excitation/emission wavelengths: 585/660 nm (sensitive to cyanobacterial phycocyanin
and therefore a good measure of S. leopoliensis) and 470/685 nm (sensitive to chlorophyll with a
greater intensity in eukaryotes, and therefore a good measure of P. subcapitata). Fluorescence
was corrected for inner filter quenching with Feorr = Fops 1004+ 0eM/2 \yhere Feqrr is the
corrected fluorescence, Fops IS the observed fluorescence, and ODex and ODem are the
absorbances at excitation and emission wavelengths, respectively (Lakowicz, 1999). The
relationships between OD and fluorescence in single species cultures were inspected to confirm
their species specificity, and then compared to fluorescence in dual species cultures to determine
if either species had become dominant. The outcome of each competition experiment was
verified semi-quantitatively at the end of each experiment by microscopy inspection of 18
haemocytometer grids per replicate flask and recording the presence or absence of each species

in each grid.

Equilibrium free Fe* concentrations in Bold 3N medium without phytoplankton were calculated
using Visual MINTEQ 3.1 (Gustafsson, 2013) assuming pH 7.0 and a solution temperature of 24
°C. Input components are listed in Table S2. It was assumed that all metal inputs were in their

fully oxidized states.

3. RESULTS
3.1 Monod parameterization study

Absorbance at 750 nm (Azso) was strongly correlated with cell density with R? > 0.99 for all
species except Aphanizomenon skuja which was slightly lower with R? = 0.96. This indicates
that absorbance is a valid proxy of population size. Phytoplankton growth curves were sigmoidal

(Figure S1). Boxplots for each species are shown in Figure S2.
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The Monod parameters (Fet, Kre and pimax) of each species were estimated from p and their
corresponding initial dissolved Fe concentration (Figure 1). Low root mean squared errors
(RMSE) between 0.007 and 0.019 indicate that each Monod curve was a good fit to the p

estimated from the logistic equation.

The mean Monod parameter (Fer, Kre and pmax) Values for each species and their 95% confidence
intervals from the bootstrapped values are presented in Table 2. Parameter estimates for the N
fixers are shown for two growing conditions — with added N (N-replete) and without added N
(N-deplete). Parameter ranges were 0.021 — 1.204 nmol L™ for Fer, 0.222 — 1.461 nmol L™ for
Kre and 0.181 — 0.209 d™* for pmax. Tukey’s HSD post hoc test showed that most of the species’
mean bootstrapped parameters were significantly different from each other with two exceptions:
Fer for Aphanizomenon skuja and Chlorella vulgaris, and Kre for Chlamydomonas reinhardtii

and Chlorella vulgaris were not significantly different from each other.

The Fer reported in this study (0.021 — 1.204 nmol L) are slightly lower than those reported for
eukaryotic marine algae which ranged from 1.2-10 nmol L (Table 1). The latter are the lowest
concentrations with observable growth rates rather than the highest concentration with a zero
growth rate as defined in the Monod growth equation which may account for their higher values.
Based on the pooled data, it is likely that Monod Fer values for most phytoplankton are below 5
nmol L (measured as total dissolved Fe), values too low to be measured with the colorimetric

ferrozine method (Verschoor and Molot, 2013).

Results were pooled into four groups: all cyanobacteria with and without N (n = 5), N-replete
cyanobacteria (n = 3), N-deplete cyanobacteria (i.e., when N-fixing; n = 2), and chlorophytes (n
= 2) (Table 3). Mean values for N-replete cyanobacteria, N-deplete cyanobacteria and
chlorophytes for Fer were 0.076, 0.736 and 0.245 nmol L%; for Kre were 0.341, 1.093 and 0.745
L nmol L; and for pmax were 0.195, 0.194 and 0.198 d. Tukey’s HSD post hoc test showed that
the group means for Fer, Umax and Kre were significantly different from each other. N-replete
cyanobacteria had a lower mean Fert than the chlorophytes while N-fixing cyanobacteria had a
higher mean Fer. The latter would not necessarily be a competitive disadvantage to N-fixers in a

low Fe system that was N-limited.
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The affinity or relative growth ability at low concentrations of Fe, was calculated as the initial
slope of the Monod curve, pmax/(Kre — Fet) for each species and group (Table 4). A higher
affinity indicates a competitive advantage for a species at similar low Fe concentration. Chlorella
vulgaris, the eukaryotic algae, had the lowest affinity at 0.332 L nmol™ d!, while N-replete
Dolichospermum flos-aquae and Microcystis aeruginosa had the highest affinities (> 1 L nmol*
d1). Mean affinities for all cyanobacteria, N-replete cyanobacteria, N-deplete cyanobacteria and
chlorophytes were 0.822, 0.971, 0.597 and 0.412 L d* nmol™?, respectively. Mean chlorophyte
affinities were not significantly different from the three cyanobacteria groups (all, N-replete, N-
deplete) at the 5% level because there was only one degree of freedom. Nevertheless, both
chlorophyte affinities were smaller than the five cyanobacteria affinities and if this pattern is
representative of their taxonomic groups, then Monod kinetic parameters predict that
cyanobacteria are more efficient at acquiring Fe than chlorophytes when Fe is low but greater

than their Fer.

3.2 Competition study

Final yields of Pseudokirchneriella subcapitata and Synechococcus leopoliensis in single species
cultures were clearly lower at 50 nmol L (molar P/Fe ratio of 3440) compared to final yields at
0.5 umol Lt and 750 nmol L (Figure 2). Hence, we concluded that 50 nmol L™ Fe was growth

limiting.

Spent filtrate from each species stimulated the growth rate and final yield of the other species at
50 nmol L Fe (Figure 3). Hence, allelopathic growth inhibition during competition experiments
likely did not occur. Addition of nutrients to spent filtrate may have been responsible for growth

stimulation.

At 50 and 500 nmol L™ Fe, optical density vs fluorescence relationships in single species culture
at 470/685 nm excitation/emission for P. subcapitata and 585/660 nm excitation/emission for S.
leopoliensis were linear with high R? over wide ranges (Figures 4 and 5). Therefore, these two
emission/excitation combinations were used to identify whether P. subcapitata or S. leopoliensis
was dominant in dual species cultures at the two higher Fe concentrations. In contrast, at 0.5

nmol L Fe there was poor separation of the two OD-fluorescence curves at 470/685 nm and no

10
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separation at 585/660 nm (Figure 6). Hence, fluorescence was not suitable for distinguishing the

dominant species at this low Fe concentration.

At the highest Fe concentration in the serial dilution experiments, 500 nmol L™ Fe, half of the
culture media was replaced with fresh media every 3 to 4 days. Optical densities (Figure 7a)
were similar in single and dual species cultures indicating similar biomass yields. All cultures
reached quasi steady state after two dilution cycles and remained stable until the experiment was
terminated after 10 dilution cycles, seven weeks after inoculation. The experimental conditions
should be considered ‘quasi’ steady state rather than steady state because temporal oscillations
were induced by serial dilution at regular intervals. Fluorescence in the dual species cultures
were similar to S. leopoliensis and not P. subcapitata fluorescence in the single species cultures
after the first two dilution cycles (Figure 7b and 7c¢) suggesting that S. leopoliensis was dominant
thereafter. P. subcapitata fluorescence values in Figure 7b and 7c were about an order of
magnitude smaller than fluorescence in single species S. leopoliensis. A plot of 585/660 hm
fluorescence in S. leopoliensis single species culture vs dual species culture was close to the 1:1
line with a slope of 0.75 (Figure 7d), suggesting that P. subcapitata was rare in this dual species
experiment and that S. leopoliensis was dominant after several dilution cycles. Visual inspection
of dual species cultures by microscopy at the end of the experiment confirmed that S.
leopoliensis was clearly dominant: one P. subcapitata cell was found in 18 haemacytometer

grids in each of two replicate flasks and no cells were found in the other two replicates.

At 50 nmol L Fe culture media was replaced every six or seven days for approximately three
months (Figure 8). Cultures became stable after four dilution cycles with similar biomass yields
in all three cultures (Figure 8a). Fluorescence values in the dual species cultures were similar to
S. leopoliensis fluorescence in single species cultures after two dilution cycles and not P.
subcapitata fluorescence in single species cultures (Figure 8b and 8c). A plot of 585/660 nm
fluorescence in S. leopoliensis single species culture vs dual species culture was close to the 1:1
line with a slope of 0.91 (Figure 8d), indicating that S. leopoliensis was dominant after several
dilution cycles. P. subcapitata fluorescence values in Figure 8b and 8c were about an order of
magnitude smaller than fluorescence in S. leopoliensis single species cultures and dual species
cultures, suggesting that P. subcapitata was very rare in this dual species culture. Visual

inspection of dual species cultures by microscopy at the end of the experiment (11 dilution

11
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cycles) revealed only S. leopoliensis and P. subcapitata was not observed in any of the

replicates.

Growth was quite slow at the lowest iron concentration, 0.5 nmol L Fe, consequently, the 5.5-
month duration of this experiment was much longer than in the higher Fe experiments. Half of
the media was replaced every 4 weeks. These Fe-stressed cultures did not exhibit the regular
periodicity observed at higher Fe concentrations (Figure 9a-c). There was poor separation of S.
leopoliensis and P. subcapitata fluorescence curves at both emission/excitation wavelength pairs.
Separation at 585/660 nm was marginally better than at 475/685 nm but not enough to have
confidence that S. leopoliensis was more abundant (Figures 9d and 9e). Hence, a clear statement
of coexistence based on fluorescence was not possible. However, visual inspection of dual
species cultures by microscopy after 5 dilution cycles (after 5.5 months) revealed that both
species were observed in all 18 grids in all replicates indicating some level of co-existence.
Severe Fe stress appears to have lowered cellular content of phycocyanin: the mean ratio (+ one
standard deviation) of fluorescence at 585/660 nm to optical density was only 16 + 23 compared
to 105 + 26 at 50 nmol L Fe and 59 + 4 at 500 nmol L™ Fe.

Modeled free Fe*® equilibrium concentrations in modified Bold 3N media before inoculation
were 7.95 x 1022, 7.87 x 101% and 7.1 x 10" pmol L at 0.5, 50 and 500 nmol L total dissolved
Fe, respectively. These are many orders of magnitude smaller than the proxy free ferric Fet for
marine eukaryotes in Table 1 which were in the 2 - 10 pmol L™ range, perhaps because the latter
include Fe(OH),* and Fe(OH)4". The ratio of free Fe** to total Fe was extremely small, ranging
from 1.3 x 10* to 1.6 x 10"** indicating that only a tiny proportion of dissolved Fe*® was
available for uptake at any one time. Extracellular free Fe** concentrations were probably
declined after inoculation of P. subcapitata and S. leopoliensis due to Fe uptake. Biologically
reduced free Fe?" concentrations were probably orders of magnitude less than the free Fe3*

concentrations because of rapid re-oxidation and transport.
4. DISCUSSION

4.1 Monod parameters predict cyanobacteria dominance under some Fe conditions

12
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Assuming that the mean Fer and growth affinities for cyanobacteria and chlorophytes when N is
non-limiting are representative of these freshwater groups, the results suggest that Fe
concentrations between 0.076 and 0.245 nmol L™ favour dominance by N-replete cyanobacteria
because concentrations in this range are above the mean threshold for N-replete cyanobacteria
but below the mean chlorophyte threshold of 0.245 nmol L (Table 3). Low Fe concentrations
greater than 0.245 nmol L will also favour N-replete cyanobacteria because cyanobacteria have
higher affinities at low Fe (0.822 vs 0.412 L nmol™* day, Table 4). Thus, these Monod
parameters predict that cyanobacteria are generally favoured to dominate when members of the

phytoplankton community are Fe limited barring other factors (discussed below).

Severe N depletion lead to the N fixers having higher Fer and lower affinities (Tables 2-4).
Perhaps the fixers utilize a less efficient Fe transport system when Fe is not severely limiting,
one that is less costly to maintain. However, this would not put them at a competitive
disadvantage when N is limiting.

Two cautionary notes regarding extrapolating these parameters to other settings. First, Monod
and transport parameters may vary to some extent among strains adapted to differing
environments. Strains of a marine diatom and pico-cyanobacteria adapted to low Fe
environments have been observed to invest in more efficient Fe acquisition apparatus and
biochemistries adapted to low Fe than strains in regions with higher Fe availability (Brand, 1991;
Sunda et al, 1991; Sunda and Huntsman, 1995; Gilbert et al., 2022). Second, the growth affinity
and Fer values in this study are based on synthetic culture media with one chelator, EDTA. Each
chelator has a unique binding affinity for free (uncomplexed) Fe*® which is the main chemical
species transported across the cell membrane by eukaryotic algae. Chelators also exhibit
different Fe*2 oxidation rates thus potentially affecting cyanobacteria transport rates (Molot et
al., 2010; Lis et al., 2015). Hence, the absolute values of these Monod parameters must be treated
with caution when applied to other synthetic and natural systems. Nevertheless, relative values

would probably still apply in a system dominated by one chelator.

4.2 Competition study: Fe affinities and resource competition theory support Monod

predictions
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In the serial dilution experiments, the pico-cyanobacterium Synechococcus leopoliensis
dominated the cultures at the two higher Fe concentrations. Assuming that S. leopoliensis has a
similar growth affinity to other cyanobacteria such as Do flos-aquae, A. skuja and M.
aeruginosa, and that the chlorophyte Pseudokirchneriella subcapitata has a similar growth
affinity to other chlorophytes such as Chlorella vulgaris and Chlamydomonas reinhardtii, then
the success of S. leopoliensis at 50 nmol L Fe is predicted by the Monod results. This
assumption is supported by another study that showed that D. flos-aquae and Synechococcus
Nagelii have P transport affinities similar to each other, and both are larger than the P transport
affinities of the eukaryotic algae Navicula pelliculosa, P. kirchneriella Printz and Scenedesmus
quadricauda (Molot & Brown, 1986). However, predictions of competition outcomes based on P

affinities haves not been tested.

Dominance by S. leopoliensis at 500 nmol L Fe could have been due to denial of Fe to P.
kirchneriella or by limitation by another nutrient, e.g., P, that favours S. leopoliensis. In either
case, dominance by one species when both are limited by the same nutrient is predicted by
resource competition theory (Taylor & Williams, 1975; Titman, 1976; Sommer, 1993).

Severe Fe-limitation at 0.5 nmol L near or below their Fer severely stressed both species
allowing neither a competitive advantage. Fe was too far below the hypothetical Fe ‘sweet spot’
to create dual nutrient limitation, i.e., limitation of S. leopoliensis by Fe and limitation of P.
subcapitata by a different nutrient allowing co-existence. This ‘sweet spot’, possibly as low as 1
or 2 nmol L, must be high enough to avoid severe Fe stress in both species while low enough to
limit S. leopoliensis but not P. subcapitata. The results of the 0.5 nmol L experiment also
suggest that in principle, no species will dominate if all are severely nutrient deprived, i.e., all

suffer from at least one nutrient at a concentration below the threshold.
4.3 Implications

The value of this study and that of Molot & Brown (1986) lies in the knowledge that large-
bodied and pico-cyanobacteria appear to be superior competitors to eukaryotic algae for Fe and P
at low concentrations. While nutrient limitation is clearly a major factor structuring

phytoplankton communities, these Monod predictions cannot explain certain observations in
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natural systems which suggests that Monod predictions are not the only mechanism operating in
natural systems. While nutrient transport and growth kinetic considerations are important, at

times they need to be reconciled with in situ observations by considering other mechanisms.

For example, (1) pico-cyanobacteria and eukaryotic algae often co-exist in oligotrophic systems
that are apparently P-limited (\Voros et al., 1998; Bell & Kalff, 2001; Callieri & Stockner, 2002;
Callieri et al., 2007). Resource partitioning theory predicts that co-existence is not possible
unless each of the dominant species is limited by a different nutrient (Taylor and Williams, 1975;
Titman, 1976; Sommer, 1993) yet Fe growth kinetic from this study and P transport kinetic data
(Molot et al., 1986) indicate that cyanobacteria should dominate when Fe and P are limiting.
Perhaps pico-cyanobacteria and eukaryotes co-exist because pico-cyanobacteria are limited by
something other than P in oligotrophic waters. Genetically modified pico-cyanobacteria
bioreporters and nutrient bioassays have indicated Fe deficiency at different times and places in
Lake Superior and Lake Erie (Twiss et al., 2000; McKay et al., 2005; Porta et al., 2005; Twiss et
al., 2005) but it is unclear how widespread Fe limitation of pico-cyanobacteria is. Another
possibility is that intensive grazing pressure on pico-cyanobacteria restricts their abundance and
recycles nutrients, allowing room for eukaryotic algae to grow and co-exist or even become
dominant (Cavender-Bares et al., 1999; Mann & Chisholm, 2000; Stockner et al., 2000).

(2) We also note that large-bodied cyanobacteria typically dominate eutrophic systems during
warm periods regardless of the type of limiting nutrient (Fe, P and N) except in high nitrate
systems, even though these high nitrate systems are probably limited by P or a metal (Beutel et
al., 2016; Molot et al., 2021, 2022). Evidence suggests that onset of anaerobic sediments at
accessible depths to buoyancy-regulating large-bodied cyanobacteria promotes cyanobacteria
blooms across a trophic range in warm waters (Molot et al., 2014, 2021, 2022). The link between
low sediment redox and blooms is likely increased supply of a redox-sensitive metal and not P or
N since blooms also occur in N-rich, P-limited oligotrophic waters without internal P loading
(albeit not as dense) (Carey et al., 2008; Winter et al., 2011; Verschoor et al., 2017; Reinl et al.,
2021). In addition, cyanobacteria have a greater affinity for P and so should be favoured at low
P. Internally loaded Fe*? is the most plausible candidate for this shift towards dominance of
large-bodied cyanobacteria (Molot et al., 2014, 2021) although internal loading rates of

manganese (as Mn*?) are also high. Perhaps large-bodied cyanobacteria, unlike pico-
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cyanobacteria, use their ability to regulate their buoyancy to position themselves near these
sediment sources (Camacho et al., 1996; Camacho, Vicente & Miracle, 2000; Gervais et al.,
2003; Head, Jones & Bailey-Watts, 1999) allowing them to acquire the Fe*? needed to support a
bloom. In this scenario, eukaryotic algae are excluded, even those that are motile, by their lower
affinities for P in P-limited systems, perhaps aided by allelopathic inhibition, as large-bodied
cyanobacteria become Fe-replete. Of course, in N-limited eutrophic systems, N fixation by
cyanobacteria excludes eukaryotic algae. Fe-limitation of cyanobacteria in eutrophic systems has
been reported but these may be cases where blooms outstrip Fe supply rates in later stages of
development as they increase in size (Wurtsbaugh & Horne, 1983; Downs et al., 2008; Evans &
Prepas, 1997).

(3) Finally, we elaborate here on the question of why pico-cyanobacteria and not large-bodied
species fill the cyanobacteria niche in oligotrophic waters. Pico-cyanobacteria are apparently
favoured over large-bodied cyanobacteria at very low nutrient concentrations because of their
higher cell surface area/volume ratio (Sunda & Huntsman, 1995; Smith & Kalff, 1983).
However, the proportion of pico-cyanobacteria contribution phytoplankton biomass declines
with increasing P (Bell and Kalff, 2001; Callieri and Stockner, 2002). If all cyanobacteria have
similar transport rates per unit cell surface area, it follows that nutrient supply rates to a
volumetric intracellular region are larger in smaller cells which would lead to less limitation
within a cell. This is not a new idea. However, since internal nutrient loading from anaerobic
sediments is generally absent in oligotrophic lakes except in certain morphological
circumstances (Verschoor et al., 2017), large-bodied cyanobacteria cannot use their ability to
regulate their buoyancy to acquire anaerobic sources and thus must compete with pico-
cyanobacteria for open water sources where they are at a disadvantage. This disadvantage

disappears as productivity and associated anaerobic conditions increase.
5. SUMMARY

In this study we quantified the Monod Fe parameters for several common freshwater
phytoplankton species including three bloom-forming cyanobacteria and two chlorophytes and
used their initial slopes at low Fe as measures of their relative competitiveness. The prediction

that lower Fer and higher affinity in N-replete cyanobacteria favours them over eukaryotic algae
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in low Fe culture was successfully tested in dual species, serial dilution culture using different
cyanobacteria and chlorophyte species. Hence, nutrient kinetic models such as the Monod model
can provide a basis for understanding community composition, at least at the coarse taxonomic
level of cyanobacteria vs chlorophyte applied in this study. While important, nutrient Kinetics are
only one mechanism governing competition between cyanobacteria and eukaryotic algae in

natural systems and work is needed to reconcile and couple them with other mechanisms.
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TABLE 1 Summary of published Fe Monod equation parameters for marine eukaryotic algae.

Thresholds are referred to here as 'proxy' because they are the lowest concentrations with

observable growth rates rather than the highest concentration with a zero growth rate as defined

in the Monod equation. Inorganic Fe includes Fe*3, Fe(OH)." and Fe(OH)4".

cylindrus at 6°C

Fe, 1.2 nmol L as

total Fe

Species Umax (d7) | Kre Fer proxy Reference

Thalassiosira. 1.2 Sunda et al., 1991

oceanica

T. oceanica 1.66 2 pmol L* as Sunda and
inorganic Fe Huntsman, 1995

T. pseudonana 1.75 100 pmol L* as <40 pmol L? as Sunda et al., 1991

inorganic Fe, 34 nmol | inorganic Fe, 10
L* as total Fe nmol L as total Fe

T. pseudonana 1.80 10.3 pmol L as Sunda and
inorganic Fe, 4.3 Huntsman, 1995
nmol L as total Fe

T. weissflogii 0.89 3 pmol L? as Sunda and
inorganic Fe, 1.2 Huntsman, 1995
nmol L as total Fe

Emiliana huxleyi | 1.12 2 pmol L as Sunda and
inorganic Fe, 1.2 Huntsman, 1995
nmol L as total Fe

Pelagomonas 1.05 3pmol Lt as Sunda and

calceolata inorganic Fe, 1.2 Huntsman, 1995
nmol L as total Fe

Prorocentrum 0.58 3.3 pmol L as Sunda and

minimum inorganic Fe, 1.3 Huntsman, 1995
nmol L as total Fe

Fragilariopsis 0.34 23 pmol Lt as free Fe | <5 pmol L™ as free | Jabre and Bertrand,

2020
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TABLE 2 Mean Monod parameter values for individual species. The N fixers, Dolichospermum

flos-aquae and Aphanizomenon skuja, were grown with DIN (N-replete) and without DIN (N-

deplete). Letters indicate statistically different means at p < 0.05 using Tukey's HSD post hoc

test. Units are nmol L™ for Fer and Kge and day™ for pmax.

Species Tukey’s Mean 95% 5% CI
HSD Value Cl
significance
Fer
Dolichospermum flos- f 0.021 0.022 0.021
aquae (N-replete)
Dolichospermum flos- d 0.268 0.274 0.261
aquae (N-deplete)
Aphanizomenon skuja (N- e 0.131 0.134 0.128
replete)
Aphanizomenon skuja (N- a 1.204 1.235 1.174
deplete)
Microcystis aeruginosa b 0.663 0.680 0.647
Chlamydomonas C 0.347 0.356 0.339
reinhardtii
Chlorella vulgaris e 0.142  0.146 0.139
Kre
Dolichospermum flos- f 0.222 0.224 0.221
aquae (N-replete)
Dolichospermum flos- d 0.726  0.731 0.721
aquae (N-deplete)
Aphanizomenon skuja (N- e 0.46  0.463 0.457
replete)
Aphanizomenon skuja (N- a 1.461 1.472 1.449
deplete)
Microcystis aeruginosa b 0.802 0.808 0.795
Chlamydomonas c 0.741  0.747 0.736
reinhardtii
Chlorella vulgaris c 0.748 0.755 0.742
Hmax
Dolichospermum flos- a 0.209 0.209 0.209
aquae (N-replete)
Dolichospermum flos- e 0.185 0.186 0.185
aquae (N-deplete)
Aphanizomenon skuja (N- g 0.181 0.181 0.181
replete)
Aphanizomenon skuja (N- b 0.203  0.203 0.202
deplete)
Microcystis aeruginosa f 0.184 0.184 0.183
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711

Chlamydomonas
reinhardtii
Chlorella vulgaris

0.194

0.201

0.194

0.202

0.194

0.201
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712 TABLE 3 Mean Monod parameter values for phytoplankton groups. The N fixers,

713 Dolichospermum flos-aquae and Aphanizomenon skuja, were grown with DIN (N-replete) and
714  without DIN (N-deplete). ‘All’ includes the three cyanobacteria species in N-replete and N-
715  deplete media (n = 5). Letters indicate statistically different means at p < 0.05 using Tukey's-

716  HSD post hoc test. Units are nmol L™ for Fer and Kre and day™ for pmax.

717
Group Tukey’s HSD Mean 95% 5%
significance Value CI Cl
Fer
Cyanobacteria (all) b 0.663 0.68 0.647
Cyanobacteria (N-replete  d 0.076  0.078 0.074
fixers)
Cyanobacteria (N fixers, a 0.736  0.753 0.719
N-deplete)
Chlorophytes c 0.245 025 0.24
KFre
Cyanobacteria (all) b 0.802 0.808 0.795
Cyanobacteria (N-replete  d 0.341 0.343 0.339
fixers)
Cyanobacteria (N-deplete a 1.093 1.101 1.085
fixers)
Chlorophytes b 0.745 0.749 0.741
lmax
Cyanobacteria (all) d 0.184 0.184 0.183
Cyanobacteria (N-replete b 0.195 0.195 0.195
fixers)
Cyanobacteria (N-deplete ¢ 0.194 0.194 0.194
fixers)
Chlorophytes a 0.198 0.198 0.198
718
719

720



721 TABLE 4 Affinities (initial slope of the Monod growth curve) as defined by pmax/(Kre — Fer) for
722 individual species and groups at low concentrations of Fe. For individual species, * is the

723 propagated (combined) 95% confidence interval. For groups, + is the standard deviation of the
724  affinities for individual species. ‘All’ includes the three cyanobacteria species in N-replete and

725  two in N-deplete media (n = 5). Units are L nmol™* day™.

726
Species Mmax/(Kre — FeT)
Dolichospermum flos-aquae  1.040 + 0.008
(N-replete)
Dolichospermum flos-aquae  0.404 £ 0.007
(N-deplete)
Aphanizomenon skuja 0.550 + 0.007
(N-replete)
Aphanizomenon skuja 0.790 + 0.085
(N-deplete)
Microcystis aeruginosa 1.324 £0.172
Chlamydomonas reinhardtii  0.492 + 0.012
Chlorella vulgaris 0.332 £ 0.004
Group Mmax/(Kre — FeT)
Cyanobacteria (all) 0.822 +0.371
Cyanobacteria (N-replete 0.971 +0.392
fixers)
Cyanobacteria (N-deplete 0.597 +0.273
fixers)
Chlorophytes (n = 2) 0.412£0.114
727
728
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FIGURE 1 Monod plots for each species. Horizontal dashed lines indicate umax and vertical
dashed lines indicate Fer. -N’ indicates N-deplete. RMSE is between p values estimated from

logistic and Monod equations.

FIGURE 2 Optical density (mean 680-685 nm) of P. subcapitata and S. leopoliensis in batch
culture at three Fe concentrations 50 nmol L™ (green diamonds), 500 nmol L (red squares) and
750 nmol L™ (open triangles). Error bars are standard errors.

FIGURE 3 Optical density (mean 680-685 nm) of P. subcapitata and S. leopoliensis in single
species batch cultures with and without spent filtrate from other species. Error bars are standard
errors (n = 3). Red diamonds - control in Bold 3N with 50 nmol L Fe; Green squares — spent
filtered P. subcapitata filtrate amended with 50 nmol L Fe and 172 umol L P; Open circles -

spent filtered S. leopoliensis filtrate amended with 50 nmol L Fe and 172 pmol L P.

FIGURE 4 Optical density (mean 680-685 nm) vs fluorescence at two emission/excitation
wavelength combinations in single species cultures at 500 nmol L™ Fe. P. subcapitata (blue

squares), S. leopoliensis (red circles).

FIGURE 5 Optical density (mean 680-685 nm) vs fluorescence at two emission/excitation
wavelength combinations in single species cultures at 50 nmol L Fe. P. subcapitata (blue

squares), S. leopoliensis (red circles).

FIGURE 6 Optical density (mean 680-685 nm) vs fluorescence at two emission/excitation
wavelength combinations in single species cultures at 0.5 nmol L Fe. P. subcapitata (blue

squares), S. leopoliensis (red circles).

FIGURE 7 Serial dilution experiments at 500 nmol L Fe. A) Optical densities (mean 680-685
nm) vs time in single and dual species cultures, B) fluorescence at 470/685 nm vs time in single
and dual species cultures, C) fluorescence at 585/660 nm vs time in single and dual cultures, and
(D) fluorescence at 585/660 nm in single vs dual species cultures with 1:1 line. Key: blue
squares - P. subcapitata in single species culture; red circles - S. leopoliensis in single species

culture; green triangles in panels A to C - dual species culture.

FIGURE 8 Serial dilution experiments at 50 nmol L Fe. A) Optical densities (mean 680-685
nm) vs time in single and dual species cultures, B) fluorescence at 470/685 nm vs time in single

and dual species cultures, C) fluorescence at 585/660 nm vs time in single and dual species
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cultures, and (D) fluorescence at 585/660 nm in single vs dual species cultures with 1:1 line.
Key: blue squares - P. subcapitata in single species culture; red circles - S. leopoliensis in single

species culture; green triangles in panels A to C - dual species culture.

FIGURE 9 Serial dilution experiments at 0.5 nmol L™ Fe. A) Optical densities (mean 680-685
nm) vs time in single and dual species cultures, B) fluorescence at 475/685 nm vs time in single
and dual species cultures, C) fluorescence at 585/660 nm vs time in single and dual species
cultures, D) fluorescence at excitation/emission 475/685 nm in single vs dual species with 1:1
line, and E) fluorescence at excitation/emission 585/660 nm in single vs dual species with 1:1
line. Key: blue squares - P. subcapitata in single species culture; red circles - S. leopoliensis in

single species culture; green triangles in panels A to C - dual species culture.
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Figure 7
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Figure 9
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SUPPORTING INFORMATION

1 TABLE S1 Final nutrient concentrations (umol L) in modified Bold 3N medium. Recipe on
2 UTEX web site (https://utex.org/pages/algal-culture-media).

3
Nutrient Chemical formulation Nutrient concentration
Calcium CaCl2.2H0 170
Iron (total) FeCls.6H20 plus 0.0005, 0.05 and 0.5
Na,EDTA (chelator)
Magnesium  MgS04.7H,0 304
Nitrogen NaNOs 8,825
Phosphorus ~ K2HPO4 plus
KH2PO4 172
Sulfate MgS0s.7H20 plus
CuS04.5H,0 304
Boron H3BOs 46
Cobalt CoCl2.6H20 0.05
Copper CuS04.5H0 0.19
Manganese ~ MnCl2.4H20 1.24
Molybdenum Na:Mo004.2H.0 0.1
Zinc ZnCl; 0.22
4



6 TABLE S2 Nutrient concentrations (umol L) used to calculate free ferric (Fe*®) in modified
7 Bold 3N medium with Visual MINTEQ (v 3.1, beta).

8
Component Concentration
Ca? 170
CI 771
Co®* 0.05
Cu® 0.19
EDTA 12
Total Fe 0.0005, 0.05, and 0.5
H3BOs 46
K* 215
Mg?* 304
Mn3* 1.24
MoO4* 0.1
Na* 9277
NOs 8825
02 (aq) 68
POs* 172
SO4* 304
Zn*? 0.22



10 FIGURE S1 Growth curves of the phytoplankton species over time at different Fe
11 concentrations. Species labelled with (-N) indicates N-deplete. Lines are modelled growth curves

12 using the logistic growth equation.
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14  FIGURE S2 Boxplots displaying median, first and third quartiles, and range in growth rates (l1)

15  for each species. Color gradation in observations indicate the Fe concentration. *-N’ indicates N-

16  deplete.
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