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Abstract: Due to the fact that not all eutrophic lakes have cyanobacteria blooms, we hypothesized Fe
may be another important limiting factor which regulates cyanobacteria bloom formation. We tested
the hypothesis by batch cultures of bloom-forming Cyanobacterium, Microcystis aeruginosa with
different ethylenediaminetetraacetic acid (EDTA)-Fe concentrations (0.5–6.0 mg/L), three levels of
initial biomass, and excessive N and P (N = 4.2 mg/L, P = 0.186 mg/L) to simulate dynamically
a cyanobacteria bloom in eutrophic conditions. The effect of EDTA and Fe uptake kinetics
by M. aeruginosa were also examined. Results showed M. aeruginosa growth rate positively
correlated with EDTA-Fe concentration and negatively correlated with biomass. Maximal biomass
of M. aeruginosa was determined by Fe availability and initial biomass. EDTA could decrease
both Fe availability and toxicity. Based on experimental results, a conceptual model of how
Fe availability regulates cyanobacterial biomass in eutrophic lakes was developed. This study
demonstrated bioavailable Fe is a potential limiting factor in eutrophic lakes that should be included
in eutrophication management strategies.
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1. Introduction

The presence of cyanobacteria blooms in freshwater is one of the most serious ecological problems
in the world [1]. It causes water discoloration, foul odors and tastes, deoxygenation of bottom waters
(hypoxia and anoxia), toxicity, fish kills, and food web alterations. Toxins produced by blooms
can adversely affect animal (including human) health in waters used for recreational and drinking
purposes [2]. In China, more than half of the freshwater systems have experienced algal blooms,
and Microcystis aeruginosa is one of the dominant species that causes such blooms [3]. Despite extensive
research in the past five decades, effective management of eutrophic lakes remains constrained by lack
of mechanistic understanding of causal factors for cyanobacteria bloom formation [4].

The knowledge of the causal factors for cyanobacteria blooms is incomplete. Admittedly, N and P
are strong risk factors since total nitrogen (TN) and total phosphorus (TP) are positively correlated with
the frequency and intensity of cyanobacteria blooms [5]. However, eutrophic conditions do not ensure
cyanobacteria bloom [6]. The failure of P or N reduction strategies in many systems also indicates the
unsatisfactory explanation only by N and/or P [7,8]. With increasing anthropogenic nutrient loading
(cultural eutrophication), phytoplankton become P and N saturated, i.e., their growth rate and biomass
are insensitive to changes in P or N concentration. The work by Auer verified that the eutrophic waters
of southern Green Bay, western Lake Erie, and nearshore Lake Ontario are nutrient saturated and
insensitive to P reduction [9]. Clearly, something other than P or N regulates phytoplankton biomass
in eutrophic lakes.
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Fe limitation of phytoplankton has aroused an increasing concern since Martin’s Fe
hypothesis [10,11]. About 30% of the world’s ocean surface area is limited by Fe availability
where subsurface nutrient supply is enhanced (high-nutrient low-chlorophyll (HNLC) regions),
including main oceanic upwelling regions of the Southern Ocean and eastern equatorial Pacific
Ocean [12]. Since Fe is a limiting factor in HNLC regions, it could also be the causal factor for
cyanobacteria blooms in eutrophic lakes. They are two sides to this mechanism. Fe is an essential
micronutrient for all phytoplankton and plays an important role in photosynthesis and respiration [13].
Fe-containing compounds are ubiquitous in cells, specifically in electron transfer reactions and in
enzymes [14]. Particularly, cyanobacteria need much more Fe than eukaryotic algae due to their
evolutionary origins in Fe-rich anoxic oceans [15,16]. N2-fixing cyanobacteria have a specific need for
Fe in nitrogenase [17]. Fe additions have been found to increase growth rates, photosynthesis, and N
fixation in cyanobacterial populations [18,19].

Fe is the second most abundant metal and fourth most abundant element in the Earth’s crust,
but its concentration in water is quite low because of its low solubility [20]. Complexation with
siderophores and other uncharacterized organic ligands increases Fe solubility but reduces its
availability [21]. In eutrophic lakes, especially P-rich water, bioavailable Fe is always poor because
of Fe-P mineral formation [22]. Present knowledge on the limitation of phytoplankton productivity
by bioavailable Fe is mainly based on marine phytoplankton research [23,24]. The extent to which
bioavailable Fe regulates cyanobacterial biomass in fresh water remains unclear. Recently, a few
enclosure experiments showed Fe is a potential limiting nutrient for cyanobacterial growth in eutrophic
lakes [25,26]. Although the physiological effects of Fe on cyanobacteria and cyanobacteria’s Fe uptake
mechanisms have been well studied [27,28], the effect of Fe on cyanobacteria bloom formation is not
clear. Clarifying this effect is very important for understanding the cyanobacteria bloom mechanism
and developing effective eutrophication management strategies.

To probe the effects of bioavailable Fe on cyanobacteria bloom formation in eutrophic
conditions, three bottle-scale experiments with bloom-forming cyanobacterium M. aeruginosa were
conducted. In this paper, we admitted the importance of N or P. However, we hypothesized Fe is
an important limiting factor for cyanobacteria growth in eutrophic lakes (excessive N and P) (Figure 1).
This hypothesis follows Liebig's law of minimum, which suggests primary productivity is limited
by the nutrient in shortest supply. The ultimate goal of this study is to develop a conceptual model
of how Fe availability regulates cyanobacterial biomass in eutrophic lakes, elucidating qualitative
relationships among Fe concentrations, growth rate, and cyanobacterial biomass dynamically based
on our experimental results.
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Figure 1. Scheme for cyanobacteria bloom formation including both Fe and P factors. We admitted 
the importance of P. However, we hypothesized, in eutrophic lakes (excessive N and P), the limiting 
factor is bioavailable Fe. Both P and Fe control cyanobacterial biomass. 

Figure 1. Scheme for cyanobacteria bloom formation including both Fe and P factors. We admitted the
importance of P. However, we hypothesized, in eutrophic lakes (excessive N and P), the limiting factor
is bioavailable Fe. Both P and Fe control cyanobacterial biomass.
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2. Materials and Methods

2.1. Cultures

The FACHB-905 strain of M. aeruginosa was isolated from eutrophic Lake Dianchi, China,
in 1998 (bought from the Institute of Hydrobiology, Chinese Academy of Science, Wuhan, China).
Stock cultures were maintained in 500 mL Erlenmeyer flasks containing 100 mL Algal Growth
Potential (AGP) media [29]. According to the standard of trophic state classification of lakes in
China [29] (Table S1), the AGP medium supplies nutrients in hyper-eutrophic status (N = 4.2 mg/L,
P = 0.186 mg/L, C = 2.14 mg/L, Fe= 33 µg/L, Table S2). All flasks were closed with four-layer gauze
and one-layer aluminum foil to prevent contamination. Cells were harvested for experiments during
the exponential growth phase. Cultures were cultivated in Fe-free media for 72 h to lower the side
effects of intracellular Fe. Prior to experiments, algae were concentrated by centrifugation (5 min,
3500 rpm) and washed three times with 15 ppm NaCO3 solution to reduce interference effects of
extracellular nutrients. Strict trace metal cleaning techniques were applied in all culturing and
experimental manipulations. All materials for stock cultures and experiments were cleaned by 10%
HCl and sterilized by autoclaving before assembly and operation. Media were prepared with ultrapure
(Milli-Q Advantage A10, Millipore, Billerica, MA, USA) and 99.99% metal basis chemicals (Aladdin,
Shanghai, China). To provide maximal sterility, the procedures were conducted on a biological
clean bench (BCM-1300A, Anda, Suzhou, China) and media were purified with high-pressure steam
sterilization technology. Experiments were performed in 250 mL Erlenmeyer flasks with 150 mL
designed AGP media. All flasks were placed in climate incubators (MGC-400B, Yiheng, Shanghai,
China) at 25 ◦C and a constant light intensity in a 12 h:12 h light-dark cycle. During the experimental
period, pH values were maintained at 7.0 ± 0.1 by adding 0.1 mol/L KCl and 0.1 mol/L HCl solutions.

2.2. Growth Experiments

Fe3+, the common form in fresh water, was used in experiments. Experiment (Exp) 1 was based
on a two-factor design with six Fe (EDTA-Fe) concentrations (0.5, 1.0, 1.5, 2.0, 4.0, and 6.0 mg/L) and
three levels of initial biomass (low, OD665 = 0.079 ± 0.002; middle, OD665 = 0.099 ± 0.002; high,
OD665 = 0.192 ± 0.002) to test the effect of Fe concentrations and initial biomass on M. aeruginosa
growth. Fe concentrations used here exceeded average Fe concentrations (0.5 mg/L) in eutrophic
Lake Dianchi; this was done to test M. aeruginosa grow potential with higher Fe concentrations [30].
Each treatment was conducted in triplicate. Hence, a total of 54 flasks were used in Exp 1. Exp 1 was
performed for 10 days.

Exp 2 was designed to test the effects of EDTA and Fe3+ availability on M. aeruginosa growth.
Fe3+ (FeCl3) was added to reach the same target concentrations in Exp 1 (0.5, 1.0, 1.5, 2.0, 4.0,
and 6.0 mg/L) with a constant EDTA background (Na2EDTA·2H2O, 3.0 mg/L). Initial biomass in
Exp 2 was constant (OD665 = 0.135 ± 0.002). P-free media with 0.5 mg/L Fe3+ (FeCl3) and a constant
EDTA background (3.0 mg/L) were used as a negative control group. Each treatment was conducted
in triplicate. Hence, a total of 21 flasks were used in Exp 2. Exp 2 was performed for 4 days.

2.3. Fe Uptake Tests

Exp 3 was designed to test Fe3+ uptake kinetics of M. aeruginosa in an exponential concentration
gradient. Fe3+ (FeCl3) was added to reach target concentrations of 0.000, 0.112, 0.224, 0.448, 0.896, 1.792,
3.584, and 7.168 mg/L with a constant EDTA background (Na2EDTA·2H2O, 0.3 mg/L). Each treatment
was conducted in triplicate. Hence, a total of 24 flasks were used in Exp 3. Exp 3 was performed
for 12 days. Extracellular dissolved total Fe (DTFe) concentration remaining in the medium was
measured every 2 h for 12 h and every 2 day for 10 days using a flame atomic absorption spectrometer
(ContrAA 300, Analytic Jena, Jena, Germany). The samples were concentrated by centrifugation (5 min,
8000 rpm) and supernatant were used to test DTFe.
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2.4. Measurement of Growth

Algal biomass was monitored using an optical density of 665 nm (OD665, UV2800SPC
spectrophotometer; Sunny Hengping, Shanghai, China). A cell suspension with an optical density of
1.0 contained 4.2 × 107 ± 7 × 105 cells per mL, as determined by viable counts.

2.5. Data Analysis

Growth rate was computed based on phytoplankton biomass

µ =
ln(Ni/N0)

ti − t0
(1)

where µ (d−1) is the growth rate, and ti − t0 is the time interval during which phytoplankton biomass
increases from initial biomass (N0) to Ni. Maximal growth rate during the experimental period was
chosen as growth rate (d−1) for each experimental unit.

Change curves of growth rate with Fe concentrations were fitted with the Monod model:

µ = µmax
C

Km + C
(2)

where µ (d−1) is the growth rate, µmax (d−1) is the maximal growth rate at infinite Fe, Km (mg/L)
is the half-saturation constant, and C (mg/L) is the initial Fe concentration added in medium.
Growth affinities were defined as µmax/Km.

Fe uptake kinetic constants were obtained by fitting the Michaelis-Menten equation, which has
the same form as the Monod Model:

v = vmax
C

Km + C
(3)

where v is the Fe uptake rate (mg/(L·h)), vmax is the maximal Fe uptake rate (mg/(L·h)), Km (mg/L)
is the half-saturation constant, and C (mg/L) is the initial Fe concentration added in medium.
Fe uptake rate (mg/(L·h)) in each treatment is defined as the average change rate of extracellular DTFe
concentration (h−1) between 2 h and 4 h.

Statistical tests were performed using R, Version 3.2.3 (R Core Team 2015, Auckland, New Zealand).
ANOVA with Tukey’s Honest Significant Difference (HSD) test was used in Exp 1. The differences
were considered significant at P < 0.05. All graphs in this study were created with Origin 9.0.

3. Results

3.1. Exp 1: Effect of EDTA-Fe and Initial Biomass on M. aeruginosa Growth

In Exp 1, growth curves of M. aeruginosa for all treatments showed the same S-shaped patterns.
Biomass and growth rate of M. aeruginosa in almost all treatments positively correlated with EDTA-Fe
concentration (0.5–6.0 mg/L) (Figure 2A and Figure S1, Table S3). This result indicates great
M. aeruginosa growth potential with 6.0 mg/L EDTA-Fe and probably even with higher Fe levels.
Maximal biomass of M. aeruginosa positively correlated with initial biomass and Fe concentration
(Figure 2B).

Global ANOVA test results of the effects of EDTA-Fe concentrations on M. aeruginosa growth rate
were significant (P < 0.01) at all initial biomass levels. Subsequent pairwise tests showed significant
differences between low and high concentrations (e.g., P < 0.01 for 0.5 and 6.0 mg/L, Figure 3, Table S3)
and no significant differences within intermediate concentrations. M. aeruginosa growth rate at high
initial biomass with 6.0 mg/L EDTA-Fe significantly continued to increase compared with 4.0 mg/L
EDTA-Fe (P < 0.01). Global ANOVA test showed significant differences between different initial
biomass treatments (P < 0.01). Significant negative effects of initial biomass on M. aeruginosa growth
rate were found at all Fe levels (Figure S2, Table S4, P < 0.05).
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Change curves of growth rate with Fe concentrations conformed to the Monod model. Maximal
growth rate (µmax) of M. aeruginosa at infinite Fe negatively correlated with initial biomass (Table 1).
The half-saturation constant for M. aeruginosa growth with respect to Fe positively correlated with
initial biomass. A negative correlation was found between growth affinity (µmax/Km) of M. aeruginosa
to EDTA-Fe and initial biomass (Table 1).
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Figure 2. Growth curves of M. aeruginosa with different concentrations of EDTA-Fe with middle
initial biomass (A). Selected curves (B) are shown for the following initial biomass and EDTA-Fe
concentrations: low initial biomass with 0.5 mg/L; low initial biomass with 6.0 mg/L; high initial
biomass with 0.5 mg/L; high initial biomass with 6.0 mg/L. Growth curves of M. aeruginosa with
different Fe3+ concentrations (0.5–6.0 mg/L) and 3.0 mg/L EDTA (C). P-free media with 0.5 mg/L
Fe3+ (FeCl3) and a constant EDTA background (3.0 mg/L) were used as negative control group.
Growth curves of M. aeruginosa with different Fe3+ concentrations (0–7.168 mg/L) and 0.3 mg/L EDTA
(D). Error bars show standard deviation (±1 SD, n = 3).

Table 1. Monod Kinetic parameters calculated in Origin 9.0. Change curves of growth rate with Fe
concentrations were fitted with the Monod model. Km: half-saturation constant for M. aeruginosa
growth with respect to the Fe form. µmax: maximal growth rate with respect to the Fe form.

Parameters µmax Km µmax/Km Adj. R-Square

Fe3+ 0.5628 1.7040 0.330 0.8668
EDTA-Fe - - - -

Low initial biomass 0.4609 2.9981 0.154 0.5278
Middle initial biomass 0.4203 3.0543 0.138 0.8666
High initial biomass 0.3528 4.9090 0.072 0.6830
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Figure 3. Effect of EDTA-Fe concentrations on growth rate with low, middle, and high initial biomass.
Small letters (a, b, c, d) indicate significantly different effects of EDTA-Fe concentrations on growth rate
(P < 0.05, Tukey, HSD). The global effects of concentrations are significant for all three initial biomasses
(P < 0.05). Error bars show standard deviation (±1 SD, n = 3).

3.2. Exp 2: Effect of EDTA and Fe3+ on M. Aeruginosa Growth

Growth affinity (µmax/Km) of M. aeruginosa to Fe3+ was three times stronger than its affinity to
EDTA-Fe, indicating Fe3+ was more available to M. aeruginosa than EDTA-Fe (Table 1). Growth curves
with Fe3+ addition were incompatible with the S-shape, which showed a different pattern from
EDTA-Fe treatments (Figure 2C). This could be because the running time of Exp 2 was much shorter
(4 days) than that of Exp 1 (10 days). All algae died within 2 h after addition of the high Fe3+

concentration (6.0 mg/L), which was accompanied with precipitant. Small substances in the medium
were observed under microscope and no large algal particles were found. Algae in P-free media were
not grown and started to die slowly above 2 days. M. aeruginosa biomass decreased with increasing
Fe3+ concentrations after 1.0 mg/L.

3.3. Exp 3: Effect of Fe3+ on M. Aeruginosa Growth and Fe3+ Uptake

The same growth pattern was observed in Exp 2 and Exp 3 (Figure 2C,D). At day 6, M. aeruginosa
biomass increased with increasing Fe3+ concentrations within 0–0.896 mg/L and reached its highest
at 0.896 mg/L. However, it decreased with increasing Fe3+ concentration within 0.896–7.168 mg/L.
After day 6, M. aeruginosa biomass with an Fe3+ concentration of 0.896 mg/L started to decline whereas
M. aeruginosa biomass with an Fe3+ concentration of 1.792 mg/L continued to grow until day 10.
M. aeruginosa growth rate positively correlated with Fe concentration (0–3.584 mg/L) (Figure S3).

Extracellular DTFe concentration decreased over time, indicating Fe had been absorbed by algae.
Extracellular DTFe concentration at day 10 was lower than that at day 2 (Figure 4). Fe uptake rate of M.
aeruginosa positively correlated with Fe3+ concentration within 0–0.896 mg/L, suggesting M. aeruginosa
has a good ability to absorb and utilize Fe3+ within this concentration range (Figure 5). This result
also supported the hypothesis that M. aeruginosa growth is limited by Fe. At Fe3+ concentrations
higher than 0.896 mg/L, the Fe uptake rate of M. aeruginosa was very low, suggesting Fe3+ with high
concentrations could not be absorbed by algae. This result is consistent with findings in growth
experiments. When Fe uptake rate was plotted as a function of Fe3+ concentration, the data merged
and exhibited Michaelis–Menten kinetics with a Km of 3.26 ± 0.01 mg/L and a maximal Fe uptake rate
(vmax) of 0.053 mg/(L·h).
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4. Discussion

Our results revealed the positive effect of bioavailable Fe on cyanobacteria biomass and indicated
Fe could be a potential limiting factor in eutrophic lakes. Main results from three experiments were
that: (i) M. aeruginosa growth rate positively correlated with EDTA-Fe concentration and negatively
correlated with biomass, (ii) maximal biomass of M. aeruginosa was determined by Fe availability and
initial biomass, and (iii) EDTA could decrease both Fe availability and toxicity. Based on experimental
results, a conceptual model of how Fe availability regulates cyanobacterial biomass in eutrophic lakes
(Figure 6) was developed. Below, we talk about the conceptual model and main results, as well as
discuss implications for eutrophication management.



Water 2017, 9, 326 8 of 12
Water2017, 9, 326 8 of 12 

 

Next Growth Circle

Initial Biomass

Fe Availability
Growth Rate Biomass Maximal Biomass

 
Figure 6. A conceptual model of how Fe availability regulates cyanobacterial biomass in eutrophic 
lakes. “+” indicates a positive effect and “−” indicates a negative effect. Details can be found in the 
Discussion section. 

4.1. A Conceptual Model of How Fe Availability Regulates Cyanobacterial Biomass in Eutrophic Lakes 

This conceptual model considers qualitative relationships among Fe concentration, growth rate, 
and phytoplankton biomass within one population growth cycle and over multiple population 
growth cycles. Within one population growth cycle, Fe availability exerts a positive effect on the 
population growth rate. Moreover, algal biomass, including initial biomass and biomass at any time, 
negatively affects population growth rate, which leads to a final balanced maximal biomass. For the 
next population growth cycle, the maximal biomass in last cycle serves as the initial biomass for this 
cycle and the process repeats. Therefore, Fe availability plays an important role in cyanobacterial 
population dynamics. This model could explain why cyanobacteria outbreaks occur over a short time, 
because cyanobacteria growth rate is relatively high when initial biomass is low. This model could 
also explain why cyanobacteria blooms are becoming much more serious year after year, because 
initial biomass increases for the next growth cycle. 

4.2. Effect of Fe Concentration and Initial Biomass 

Exp 1 showed M. aeruginosa growth rate positively correlated with EDTA-Fe concentration and 
negatively correlated with biomass. Maximal biomass of M. aeruginosa was determined by Fe availability 
and initial biomass. Results of Exp 1 indicated great M. aeruginosa grow potential with 6.0 mg/L 
EDTA-Fe and probably even with higher concentrations of Fe. Examination of Fe concentrations 
reported in water basins revealed Fe concentrations in freshwater is much less than 6 mg/L. For 
example, the soluble Fe concentration in Lake Dianchi (China) where the M. aeruginosa was isolated 
is estimated to be 0.3–1.0 mg/L [30]. According to Liebig’s law of minimum, M. aeruginosa could be 
limited by Fe in many eutrophic lakes. From the results, we can infer M. aeruginosa had a very high 
Fe requirement. The Fe threshold concentration in this result was much higher than 10−8–10−7 M for 
the growth of Anabaena circinalis (cyanobacterium) [31]. Two main reasons for this phenomenon are 
different Fe speciations and the testing concentration range used in the experiments. Sun et al used 
FeCl3 with a series of testing concentrations ranging from 2.2 × 10−5 M to 2.2 × 10−9 M, which is much 
lower than the concentration range in Exp 1. Results of Exp 2 with the same Fe form, FeCl3, were 
highly consistent with their reports. We infer the reason for this gap is related to Fe bioavailability 
and toxicity. 

Results showed M. aeruginosa growth rate negatively correlated with biomass in a certain nutrient 
availability indicating Fe is a negative density-dependent regulator of cyanobacterial population 
growth. Whether or not nutrient availability is density-dependent is always a controversial topic in 
ecological literature [31–36]. Our experiments under controlled environments and replicated 
conditions suggested nutrient availability is density-dependent. Possible explanations for this 
phenomenon are rooted in intraspecific competition and constant nutrient demand of individual 
algal cells. On one hand, resource availability could cause density dependence by affecting 
intraspecific competition among individuals. An increased density means an increase in intraspecific 
competition [37]. On the other hand, individual nutrient demand is relatively constant. When the 
population reaches a certain density, the amount of available nutrients to each cell becomes 

Figure 6. A conceptual model of how Fe availability regulates cyanobacterial biomass in eutrophic
lakes. “+” indicates a positive effect and “−” indicates a negative effect. Details can be found in the
Discussion section.

4.1. A Conceptual Model of How Fe Availability Regulates Cyanobacterial Biomass in Eutrophic Lakes

This conceptual model considers qualitative relationships among Fe concentration, growth rate,
and phytoplankton biomass within one population growth cycle and over multiple population growth
cycles. Within one population growth cycle, Fe availability exerts a positive effect on the population
growth rate. Moreover, algal biomass, including initial biomass and biomass at any time, negatively
affects population growth rate, which leads to a final balanced maximal biomass. For the next
population growth cycle, the maximal biomass in last cycle serves as the initial biomass for this cycle
and the process repeats. Therefore, Fe availability plays an important role in cyanobacterial population
dynamics. This model could explain why cyanobacteria outbreaks occur over a short time, because
cyanobacteria growth rate is relatively high when initial biomass is low. This model could also explain
why cyanobacteria blooms are becoming much more serious year after year, because initial biomass
increases for the next growth cycle.

4.2. Effect of Fe Concentration and Initial Biomass

Exp 1 showed M. aeruginosa growth rate positively correlated with EDTA-Fe concentration
and negatively correlated with biomass. Maximal biomass of M. aeruginosa was determined by
Fe availability and initial biomass. Results of Exp 1 indicated great M. aeruginosa grow potential
with 6.0 mg/L EDTA-Fe and probably even with higher concentrations of Fe. Examination of Fe
concentrations reported in water basins revealed Fe concentrations in freshwater is much less than
6 mg/L. For example, the soluble Fe concentration in Lake Dianchi (China) where the M. aeruginosa
was isolated is estimated to be 0.3–1.0 mg/L [30]. According to Liebig’s law of minimum, M. aeruginosa
could be limited by Fe in many eutrophic lakes. From the results, we can infer M. aeruginosa had a very
high Fe requirement. The Fe threshold concentration in this result was much higher than 10−8–10−7 M
for the growth of Anabaena circinalis (cyanobacterium) [31]. Two main reasons for this phenomenon are
different Fe speciations and the testing concentration range used in the experiments. Sun et al used
FeCl3 with a series of testing concentrations ranging from 2.2 × 10−5 M to 2.2 × 10−9 M, which is
much lower than the concentration range in Exp 1. Results of Exp 2 with the same Fe form, FeCl3,
were highly consistent with their reports. We infer the reason for this gap is related to Fe bioavailability
and toxicity.

Results showed M. aeruginosa growth rate negatively correlated with biomass in a certain nutrient
availability indicating Fe is a negative density-dependent regulator of cyanobacterial population
growth. Whether or not nutrient availability is density-dependent is always a controversial topic in
ecological literature [31–36]. Our experiments under controlled environments and replicated conditions
suggested nutrient availability is density-dependent. Possible explanations for this phenomenon are
rooted in intraspecific competition and constant nutrient demand of individual algal cells. On one
hand, resource availability could cause density dependence by affecting intraspecific competition
among individuals. An increased density means an increase in intraspecific competition [37]. On the
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other hand, individual nutrient demand is relatively constant. When the population reaches a certain
density, the amount of available nutrients to each cell becomes insufficient and cannot support cell
growth, which causes cell division reduction [38]. Density regulation has been observed in a broad
range of taxa. The negative density-dependent (restriction) processes of Fe availability contribute to
resilience of the cyanobacterial population.

4.3. Effect of EDTA and Fe3+

In Exp 2, all algae died within 2 h after addition of high Fe3+ concentration (6.0 mg/L).
Several alternative explanations can be considered for this phenomenon. First, Fe3+ is very unstable
and can be precipitated with P; thus, algae are attached and precipitated with an Fe-P complex. Second,
algae died without P. Third, excess Fe3+ is toxic to cyanobacteria, leading to cyanobacteria autolysis.
Results of the negative control group of P-free media excluded the second reason in that algae did
not die without P and merely stopped growing. We observed small substances in the medium under
microscope and found no large algal particles, which indicated cyanobacteria were autolyzed because
of Fe3+ toxicity. This explanation is supported by the low Fe uptake rate of M. aeruginosa when
Fe3+ concentration was higher than 0.896 mg/L in Exp 3. Therefore, high Fe3+ could be toxic to
cyanobacteria and EDTA could reduce Fe toxicity.

Exp 2 showed Fe3+ is more available to M. aeruginosa than EDTA-Fe, which is consistent with
most results in the literature [39]. The reason is that only ionic Fe (Fe3+ and Fe2+) can be absorbed by
cyanobacteria. Fe3+ can be transported across cell membranes mainly through two strategies: strategy
I (Fe reduction at cell membrane followed by Fe2+ transport) and strategy II (siderophore-based Fe3+

acquisition) [40]. In strategy II, siderophores are organic Fe3+ or other metal-chelating molecules
that solubilize and scavenge Fe3+ from the ambient environment. Most freshwater phytoplankton,
especially cyanobacteria, can secrete siderophores under an Fe-limited environment [41–43]. Fe3+ is
not stable in fresh water despite its availability, which is higher than that of EDTA-Fe. EDTA as organic
ligands could enhance Fe solubility and decrease both Fe availability and toxicity. EDTA-Fe is the
normal form for Fe fertilization [44]. Cyanobacteria can release siderophore to compete and utilize Fe3+

from EDTA-Fe [45]. Although EDTA could decrease the Fe3+ uptake rate of M. aeruginosa, additions of
EDTA-Fe could increase bioavailable Fe concentration and boost plankton growth.

In natural water, dissolved organic matters (DOMs) possess chelation properties such as EDTA
that enhance phytoplankton growth [46]. For example, humic substances, which are common in
water environments, can form complexes with metals and alter their availability. Presence of humic
substances stimulates photosynthesis in the green alga Pseudokirchneriella subcapitata by reducing
toxicity of heavy metals [47]. Humic substances also inhibit M. aeruginosa growth by reducing
bioavailable Fe concentration [48]. Fe concentration negatively correlates with P concentration in
fresh water because Fe can precipitate with P [49]. Therefore, the outbreak of cyanobacteria often
occurs in polymictic and high-organic-matter lakes because of sufficient Fe and P [50]. In addition,
soluble bioavailable Fe can easily be released from endogenous compounds in an anoxic environment
if H2S concentration is low [51]. Cyanobacteria blooms are always accompanied with anoxic
environments, leading to increased bioavailable Fe and increased cyanobacterial biomass [52] and
showing a vicious cycle.

4.4. Implications

This study demonstrated bioavailable Fe is an important limiting factor that regulates
cyanobacterial population growth in eutrophic lakes. We do not deny the importance of N and
P. However, we hope our work will draw other investigators’ attention to the effects of Fe on
cyanobacteria blooms. This work has significant potential to improve eutrophication management.
An Fe-reduction management strategy along with a macronutrient-reduction (N and P) strategy should
be considered to control cyanobacteria blooms. Over the last 50 years, Fe salts have been applied to
16 lakes and reservoirs to control harmful algal blooms by inhibiting P release [40]. While this approach
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has been successful in the short term, it did not remove internal sources of nutrients, but increased Fe
concentrations in the lake. This may increase the magnitude of cyanobacteria blooms after Fe and P
recycling in the long term. This work suggests that cyanobacterial growth in eutrophic lakes can be
suppressed by controlling Fe availability. Fluvial inputs, internal recycling, and seepage of Fe-rich
groundwater are main sources of Fe to lakes [53]. The growing disposal of sulfur wastes or changes
in riverine discharges and groundwater supply due to climate change would affect the bioavailable
Fe pool in fresh water [54]. The pathway by which anthropogenic activities over the last century and
climate change impact natural Fe cycling in lakes is still unknown. Additional theoretical and practical
studies about Fe availability and its effect on cyanobacteria are urgently needed.

Supplementary Materials: Supplementary materials are available online at www.mdpi.com/2073-4441/9/5/
326/s1.
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