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Abstract

The role of nitrogen (N) fixation in determining the frequency, magnitude, and extent of harmful 

algal blooms (HABs) has not been well studied. Dolichospermum is a common HAB species that 

is diazotrophic (capable of N fixation) and thus growth is often considered never to be limited by 

low combined N sources. However, N fixation is energetically expensive and its cost during bloom 

formation has not been quantified. Additionally, it is unknown how acclimation to differing 

nutrient ratios affects growth and cellular carbon (C):N stoichiometry. Here, we test the 

hypotheses that diazotrophic cyanobacteria are homeostatic for N because of their ability to fix 

atmospheric N2 and that previous acclimation to low N environments will result in more fixed N 

and lower C:N stoichiometry. Briefly, cultures that varied in resource N:phosphorus (P) ranging 

from 0.01–100 (atom), were seeded with Dolichospermum which were previously acclimated to 

low and high N:P conditions and then sampled temporally for growth and C:N stoichiometry. We 

found that Dolichospermum was not homeostatic for N and displayed classic signs of N limitation 

and elevated C:N stoichiometry, highlighting the necessary growth trade-off within cells when 

expending energy to fix N. Acclimation to N limited conditions caused differences in both C:N 

and fixed N at various time points in the experiment. These results highlight the importance of 

environmentally available N to a diazotrophic bloom, as well as how previous growth conditions 

can influence population growth during blooms experiencing variable N:P.
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Introduction

Anthropogenic climate change has caused stronger stratification of freshwater systems due 

to increased temperature, and when coupled with eutrophication has led to a surge in 

cyanobacterial harmful algal blooms (HABs) worldwide (Paerl, 2014; Paerl, 2017). These 

HAB events are largely unpredictable due to the multifaceted nature of bloom formation 

(Brooks et al., 2018), but the effect of HABs can be wide ranging, and can include increased 

turbidity, large diurnal dissolved oxygen swings, and the presence of cyanotoxins (Brooks et 

al., 2017). Cyanotoxins pose many risks to birds and mammals, which include a suite of 

health issues and harmful effects to humans (Buratti et al., 2017). Some harmful 

cyanobacteria species (diazotrophs) have the capacity to fix atmospheric nitrogen (N), giving 

them a competitive advantage over other phytoplankton during periods of N deficiency or 

starvation (Carey et al., 2012). But, the relative importance of N fixation in regulating toxic 

cyanobacterial blooms remains understudied (Gobler et al., 2016; Grover et al., 2020). Thus, 

there is a growing need for understanding how a changing environment effects the role of 

diazotrophic cyanobacteria in bloom formation (Lu et al., 2019).

A well-suited framework to examine mechanisms of bloom formation is ecological 

stoichiometry (ES), which explains how elements move from the abiotic to the biotic 

environment and how the supply of elements can alter food webs and ecosystem dynamics 

(Sterner and Elser, 2002). One central premise of ES is that autotrophic producers 

(phytoplankton) are plastic in their internal nutrient composition while consumers are more 

invariable (Sterner and Elser, 2002). Initially, heterotrophic bacteria were thought to be 

homeostatic, meaning that variability in their internal nutrient content was extremely low 

across highly variable nutrient supply ratios (Makino et al., 2003). However, more recent 

evidence suggests that the internal nutrient composition can be substantially variable under 

different environmental conditions (Scott et al., 2012; Godwin and Cotner, 2015a). 

Surprisingly, the stoichiometry of diazotrophic cyanobacteria remains empirically 

understudied (Grover et al., 2020) even though these species are ideal model organisms to 

test the potential for stoichiometric homeostasis in an autotroph with the unique capacity to 

access a N pool unavailable to most organisms.

Stoichiometric theory suggests that under variable resource N concentrations, diazotrophic 

cyanobacteria should be homeostatic because they have the unique capacity to access 

unlimited N through atmospheric N2. However, N fixation is energetically expensive (Flores 

and Herrero, 2005), which decreases carbon (C) fixation efficiency when diazotrophs rely 

predominantly on fixed N2 (Boatman et al., 2018; Grover et al., 2020). To illustrate 

predictions using stoichiometric theory, we constructed four hypothetically possible growth 

trade-off scenarios regarding the relationship between diazotrophic cyanobacterial bloom 

biomass production (as particulate carbon; PC), biomass N content (as particulate N; PN), 

and the biomass C:N ratio relative to an increasing resource N supply, but no other changes, 

in the environment (Fig. 1). These hypothetical scenarios represent one time-point in a 

diazotroph blooms growth, while fixing N. Scenario A shows the expected pattern of 

complete stoichiometric homeostasis with little or no growth reduction due to active N 

fixation. These organisms may use dissolved inorganic N (DIN) when it is available, but also 

may use atmospheric N2 to grow just as efficiently. Scenario B shows a similar invariable 
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growth response (biomass as C) as scenario A, but a variation in diazotroph N content in 

response to N availability. This scenario is possible because diazotrophs are known to store 

excess N in the form of cyanophycin (Kromkamp, 1987) when grown under N replete 

conditions. Thus, even though there may be no growth tradeoff to using N2 when needed, 

diazotroph N content increases as N availability increases, which causes the C:N ratio of 

diazotrophs to decline with increasing N availability. In scenario C, diazotroph biomass 

increases with increasing N availability, but bloom N content is invariable because N 

fixation offsets the N supply at low water column concentrations. As the combined resource 

N concentration increases, the need to acquire N through N fixation decreases, and the 

growth penalty is eliminated. This scenario describes a growth tradeoff that is caused by the 

energy requirement for maintaining a minimum cellular N through N fixation (Fay, 1992). In 

this scenario, the diazotroph C:N ratio increases with increasing N availability due to 

increasingly efficient growth (biomass production) with increasing water column N 

concentration. Scenario D portrays a growth tradeoff similar to scenario C, however this 

scenario also assumes that diazotroph N content varies with N availability, similar to 

scenario B. As a result, the diazotroph C:N exhibits a „hump-shaped‟ curve across N 

availability. Diazotrophs growing strictly on atmospheric N2 or DIN have the lowest C:N, 

but C:N increases at moderate N availability as diazotrophs rely on both N sources.

To test these hypothetical relationships, we asked how does Dolichospermum flos-aquae 
regulate C:N under differentially supplied nutrients in culture conditions, and does 

population acclimation to differing nutrient ratio conditions have an effect on N fixation? 

Briefly, D. flos-aquae acclimated to different initial nutrient conditions was grown under 

different N concentrations, which were standardized to a single phosphorus (P) 

concentration to generate a wide range of N:P levels that are representative of natural lakes 

and reservoirs (Scott et al., 2019). We hypothesize our hypothetical scenario C (Fig. 1), 

because D. flos-aquae is generally assumed to be homeostatic for N, but also likely to 

exhibit a growth tradeoff caused by the increased energetic demand to fix N2 (Cobb and 

Myers, 1964). It was also hypothesized that D. flos-aquae acclimated to low resource N:P 

conditions would have lower C:N in low N environments compared to populations 

acclimated at high N:P due to the N limited acclimated cells being primed for N fixation.

2. Methods

2.1 Maintenance culture conditions

Dolichospermum flos-aquae was purchased from the University of Texas Culture Collection 

(UTEX #1444) and maintained in lab for over 18 months. Maintenance batch cultures were 

grown at 26ºC, with a light:dark cycle of 14h:10h, light intensity of 100 μmol m2 s−1 with 

one-half strength (0.5x) BG-11 media (Sigma), containing 123.2 mg L−1 N and 3.41 mg L−1 

P, with added 1.35 μg L−1 vitamin B12 (VB12). Batch cultures were renewed every four 

weeks by transferring 1% of the cells into freshly prepared and sterilized 0.5x BG-11 media 

with 1.35 μg L−1 VB12. In June 2017 the stock culture was split into two additional cultures 

to begin acclimation to different resource N supplies. In these new cultures, 1% aliquots of 

the existing D. flos-aquae were transferred into 5% or 20x diluted N-free BG-11 amended 

with 1.35 μg L−1 VB12, which were then amended with sodium nitrate (N-NaNO3) to 
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achieve N:P resource of 2 and 20 by atom. These cultures (referred to as low N acclimation 

and high N acclimation, respectively) were then maintained continuously by renewing them 

every four weeks as described above over a period of four months.

2.2 Homeostasis Experimental Design

A 12-day experiment was used to test for homeostasis of D. flos-aquae. We used 5% or 20x 

diluted N-free BG-11 media that contains 0.357 mg L−1 of P (K2HPO4) and manipulated N 

as NaNO3 to alter the resource N:P. These N additions generated a range of N:P (by atom) 

from 1–100 representing a gradient of severe N limitation to N sufficiency in the media 

(Supplementary Table 1A). Quadruplicate cultures were initiated using 0.85 L of 5% BG-11-

N amended with VB12 (1.35 μg L−1) and inoculated to a final concentration of 0.01 mg L−1 

of D. flos-aquae C from the maintenance culture stock source (see 2.1). Experimental units 

were then randomly placed in two identical incubators set at 26⁰C with a light intensity of 

100 μmol m−2s−1 and a light:dark cycle of 14h:10h for 12 days. Each day cultures were 

shaken to prevent cells from settling. Each experimental unit was subsampled for PC and PN 

after 5–8, 10, and 12 days of growth by using vacuum filtration onto precombusted glass 

fiber filters (0.7μm GF/F Whatman) and stored at −20 ºC until analyzed.

2.3 Acclimation Experimental Design

For the acclimation experiment, 0.75 L cultures were created ranging in N:P ratios from 

0.01–50 (atom) to test for acclimation responses in D. flos-aquae. Three P concentrations 

were generated by using 2.5%, 5%, or 10% N-free BG-11 that resulted in P concentrations 

(as K2HPO4) of 0.178, 0.357, and 0.714 mg L−1 (or 133.5, 267.8, and 535.5 μg P, 

respectively), and media was amended with different amounts of N (as NaNO3) to achieve 

the various N:P conditions (Supplementary Table 1B). Vitamin B12 was amended to these 

cultures as previously described (1.35 μg L−1). Experimental cultures were inoculated to a 

final concentration of approximately 0.1 mg L−1 C D. flos-aquae which had been previously 

acclimated to N:P 2 or N:P 20 (by atom) media for five months (~68 generations). 

Microscopic analysis was used to verify that the low N:P acclimated population were 

actively generating heterocyst and the high N:P acclimated population were not. 

Experimental cultures with acclimated populations were placed in two incubators at 26⁰C 

under a 14h:10h light:dark cycle at 100 μmol m−2 s−1 light intensity for four weeks. Cultures 

were shaken and rotated within and between incubators every other day. To adjust for 

evaporation, the volume of water within each experimental unit was measured just prior to 

and after sampling. On the day of sampling, deionized water was added to replace the 

amount of water lost caused by evaporation, shaken and then sampled weekly for four 

weeks, which allowed for cultures below N:P 50 to reach stationary phase by the end of the 

four weeks, for PC and PN onto precombusted 0.7μm GF/F Whatman filters. Filters were 

immediately frozen at −20⁰C until analyzed. Dissolved nutrients were sampled by collecting 

the filtrate from a 0.45μm filter and stored at −20⁰C until analyzed.

2.4 Nutrient analysis

Filters analyzed for PN and PC were first dried at 60⁰C for 24h and analyzed on a Thermo 

Finnigan Flash EA 1112 elemental analyzer (Thermo Fisher Scientific, Waltham, 

Massachusetts). Mass of C and N was determined by producing an aspartic acid standard 

Osburn et al. Page 4

Harmful Algae. Author manuscript; available in PMC 2022 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



curve and fitting the area given to the produced equation. Analysis for dissolved nutrients 

was performed on a Lachat 8500 flow-injection auto-analyzer with an ASX-520 autosampler 

(Hach Co., Loveland, Colorado). Dissolved nutrients (ammonia and nitrate/nitrite) were 

analyzed using EPA QA/QC standards and APHA/CRASR protocols (APHA, 2005; Center 

for Reservoir and Aquatic Systems Research, Waco, Texas, USA).

2.5 Statistical analysis

2.5.1 Homeostasis Experiment—A linear mixed-model analysis was performed for 

both day and N:P effect on cellular stoichiometry using the lme4 package (Bates et al., 

2015) in R v 3.5.1 (R Core Team, 2019). The best model was selected according to the AIC 

value, and an analysis of variance (ANOVA) was done on the selected model to determine 

the Chi-squared (χ2) values and p-values within the model. Changes in cellular 

stoichiometry were analyzed between nutrient supply ratios within each day among N:P 

treatment and between days within a N:P treatment through a one-way ANOVA using the 

car package in R (Fox and Weisberg, 2011) with a Tukey post-hoc test done to determine the 

differences among either N:P treatments or days.

2.5.2 Acclimation Experiment—To assess differences between acclimation 

populations and P levels, treatments were standardized by using a N imbalance equation 

(Scott et al., 2019). This equation is a simple mass balance of the concentration of available 

N and P within the system that is available for growth compared to the optimum N:P (by 

mass) of the organism. The resulting imbalance, if positive, indicates that P was limiting the 

growth, while a negative imbalance indicates N was limiting the growth. The resulting 

answer also indicates the degree of imbalance, with larger positive or negative numbers 

indicating a larger imbalance and numbers closer to zero representing small imbalances or 

optimal nutrient conditions in the case of zero imbalance.

The N imbalance for each treatment was calculated using equation 1 (Scott et al., 2019):

NI = Nx − Px − N :Popt (1)

where NI is the N imbalance relative to P of the culture, Nx and Px are the experimental 

concentrations of N and P added to the cultures in μg L−1, and N:Popt is the stoichiometric 

optimum of the N:P ratio for D. flos-aquae, which was determined to be 17.7 by atom 

(Klausmeier et al., 2004) or ~8 by mass.

2.5.3 C:N Stoichiometry and Biomass—Differences between the C:N of the low and 

high N acclimated populations for each day were compared using a paired two-tailed t-test 

in R (R Core Team, 2019). Statistically significant differences in these values indicated that 

the C:N stoichiometry differed between the different populations acclimated to a variable 

range of N:P. To assess differences in biomass (PC) of treatments, 95% prediction intervals 

were calculated using the lme function in R v 3.5.1 (R Core Team, 2019). These prediction 

intervals were graphed between low and high N acclimated populations, and if the intervals 

overlapped between the acclimations, it was determined for that N:P treatment there was no 

significant difference between the acclimation populations.
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2.5.4 Dissolved Inorganic Nitrogen—To test for differences in dissolved inorganic N 

(DIN) uptake between low and high N acclimations, the lsmeans package in R v. 3.5.1 

(Lenth, 2016; R Core Team, 2019) was used to compare the slopes between linear 

regressions and exponential decay models produced between DIN and days 0–14 of each 

N:P treatments for each of the acclimations. These days were chosen as this was when the 

most dynamic change in DIN uptake occurred for all treatments before biomass saturation, 

and thus would then prevent the regression line to be driven by an extreme high and low 

value. Linear and exponential decay models were then produced for the DIN uptake of each 

treatment (Sigma version 14) over all sampling days. The highest r2 value between the linear 

and exponential decay models was used to determine which model produced the best fit, 

which overall were exponential decay models.

2.5.5 Nitrogen Fixation Estimates—To examine N fixation, we first found the 

residuals between PN and initial culture DIN. The difference between the measured PN 

concentrations from all experiments from their expected values assuming no N fixation (i.e. 

initial DIN concentration in media) was computed per equation 2:

Nfixation residuals =  Initial DIN − Initial PN − Measured PN (2)

Positive values indicated the concentration of the DIN surplus and negative values indicated 

the concentration of fixed N in each experimental bloom. These DIN-PN residuals were 

calculated for all measured PN samples and then graphed against the N imbalance of the 

cultures by week. The slopes were compared using SMATR (Falster et al. 2006; Warton et 

al. 2006) to determine if the ordinary least squares regression showed significantly different 

slopes between populations with different acclimations. A significant difference in slopes 

between the high and low N acclimated populations demonstrated that N fixation was 

dependent on the acclimation conditions of D. flos-aquae. Slopes were also compared 

through time within an acclimation treatment. Differences of slopes through time indicated 

the rate of N fixation is time dependent.

3. Results

3.1 Homeostasis Experiment

Dolichospermum flos-aquae elemental composition varied among N:P supply and by 

sampling day of the cultures (Table 1, Fig. 2). The C:N for day 0, which was from the 

maintenance culture used to inoculate the cultures, was 4.42 ± 0.133. A wave pattern 

occurred temporally across the N:P gradient, starting with N:P 1 having the highest C:N on 

day 5, then N:P 2 on day 6 (Table 1, Fig. 2). After each D. flos-aquae N:P treatment 

displayed a peak C:N, the biomass C:N decreased to just above the baseline C:N of 4–5 thus 

completing the wave pattern (Fig. 2). After 12 days of growth, this wave pattern resulted in 

the highest C:N of 9 in the N:P 16 treatment, with decreasing C:N in N:P treatments lower 

than N:P 16 and increasing C:N in N:P 20 and 30 treatments (Table 1, Fig. 2). C:N of the 

treatments did increase through time within a treatment.
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3.2 Acclimation Experiment

3.2.1 C:N Stoichiometry and Biomass—The C:N was significantly different between 

the low and high N acclimations across N:P treatments for days 7, 21, and 28 for all three P 

levels (Table 2; Fig. 3). On day 7, the low N acclimated populations had a higher C:N 

ranging between 3.4–12.5 than the high N acclimated populations ranging between 1.0–4.9, 

regardless of P treatment (Table 2; Fig. 3A-C). On day 14, the C:N of the acclimations were 

not significantly different with ranges between 3.1–10.5 (Table 2; Fig. 3D-F). On day 21 

significant differences between the low and high N acclimation were identified with the high 

N acclimated populations having higher C:N values, ranging from 4.6–8.8 for all P levels, 

while the low N acclimated populations C:N ranged over 3.7–6.4 (Table 2; Fig. 3G-I). Day 

28 had the same significant pattern with the high N acclimated populations having a higher 

C:N, that ranged between 4.6–8.8 compared to the low N acclimation populations that 

ranged between 3.5–7.7 for all P levels (Table 2; Fig. 3J-L).

After 7 days of growth, acclimation conditions resulted in no significant differences in 

growth, as PC, regardless of N imbalance in the low and medium P treatments (Fig. 4A, 4B). 

However, in the high P treatment the low N acclimated population produced more biomass 

on day 7 than the high N acclimated population, regardless of N imbalance (Fig. 4C). No 

consistent significant differences occurred between high or low N acclimated populations 

irrespective of N imbalance or P level for most of the duration of the experiment (Fig. 4). 

However, there were areas of segregated errors on day 21 and 28 in the high P level where 

the low N acclimated populations had significantly increased PC at both intermediate and 

high N imbalances (Fig. 4I, 4L). The relative shape of the data varied through time, however, 

with both the low and high N acclimations showing saturating curves on day 7 regardless of 

P treatment. By day 21, the high N acclimated strain in the intermediate and high P cultures 

showed a near-linear response to increasing N imbalance relative to P.

3.2.2 Dissolved Inorganic Nitrogen—Differences in DIN uptake slopes between high 

and low acclimated populations within the same N:P conditions revealed no significant 

differences (p>0.05) for any N:P regardless of P treatment (Fig. 5). Over the 28 day 

experiment, exponential decay models overall explained DIN uptake rates better than linear 

regressions, and from these models the 95% confidence intervals confirmed there were no 

differences between decay rates (Supplementary Table 2). However, a few uptake differences 

between acclimations are notable within the high N populations. The high N acclimated 

populations high N treatments (6675 μg) in the mid and high P levels utilized up to 90% of 

the DIN in media by Day 14 (Fig. 5E; 5F). The low N acclimated populations did not reach 

this amount of DIN uptake in these specific treatment conditions until Day 21 (Fig. 5B; 5C). 

However in the high N treatment and low P level, the high N acclimated population did not 

uptake all available DIN by the end of the 28 days, stopping at ~75% DIN uptake from the 

beginning media conditions (Fig. 5D), and this was not seen in the low N acclimated 

populations, which utilized ~99% of the available DIN by day 28 (Fig. 5A).

3.2.3 Nitrogen Fixation—The mass of N fixed varied with the N imbalance of media 

but there was no difference in the slopes between N fixation and N imbalance for low and 

high N acclimated populations after 7 and 14 days of growth (Fig. 6A; t=0.187, p=0.644, 
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Fig. 6B; t=2.97, p=0.081). However, after 21 and 28 days of growth, low N acclimated 

populations exhibited statistically greater N fixation rates that increased with increasing N 

deficit (i.e. negative N imbalance; Fig. 6C; t=6.41, p=0.012, Fig. 6D; t=5.61, p=0.018). 

Nitrogen fixation estimates significantly differed over time for the high N acclimated 

populations (t=13.5, p=0.006) with the slopes for day 21 and 28 being shallower than the 

slope from day 7 (Fig. 6), and the remaining temporal comparisons having the same slope. 

This was not the case for the low N acclimated populations, with a constant slope identified 

temporally (t=4.95, p=0.183).

4. Discussion

4.1 Overview of C:N Stoichiometry

These results support the hypothetical scenario D from the conceptual figure (Fig. 1), with 

the C:N displaying a hump-shaped curve with increasing resource N concentration. 

Currently, the literature is sparse on cyanobacteria, specifically diazotroph, stoichiometry 

studies, with the focus typically on cellular N:P responses rather than C:N. For example, in a 

study examining the optimum N:P of phytoplankton, only 17% of examined genera were 

diazotrophic (Klausmeier et al., 2004). However, quantifying C:N stoichiometry may be 

particularly important for predicting the potential toxicity of diazotrophic cyanobacterial 

blooms (van de Waal, 2014). Cellular C:N stoichiometry in D. flos-aquae ranged between 1–

12.5, with most values ranging from 4–9, which was dependent on the initial N:P supply, P 

treatment, and the duration of growth. These results indicate that diazotrophic cyanobacteria 

are plastic in their C:N stoichiometry and there is a trade-off between growth and the energy 

required to fix N.

Sampling through time allowed for identifying when this C:N „hump‟ occurred, which 

could have been missed in a longer temporal study with a more coarse sampling regime. 

Additionally, the hypothesis that acclimation would affect the C:N stoichiometry of D. flos-
aquae populations was found to be supported under certain P treatments and over different 

times. Acclimating populations to either low or high N resulted in C:N differences 

throughout the initial and late periods of culture growth. These ranges in C:N were related to 

the timing of populations becoming N limited, as the low N acclimated populations initially 

had higher C:N over all N:P treatments, even though this pattern switched after 21 days. 

These results highlight that antecedent environmental conditions affect the cellular 

stoichiometry and biomass production on timescales typical of a HAB. Overall, the results 

suggest that not only nutrient supply, but acclimation affect the size and stoichiometry of a 

diazotrophic cyanobacterial bloom. This study lends to the growing literature on 

diazotrophic cyanobacteria stoichiometry.

4.2 Homeostasis

The findings in this study add more evidence indicating bacteria can be non-homeostatic 

with regard to nutrient stoichiometry (Sterner and Elser, 2002). Much of the evidence to 

support strict homeostasis in bacteria stemmed from an E. coli laboratory strain which 

exhibited minimal plasticity in C:P and N:P and no plasticity in the C:N when grown on 

C:N:P nutrient supply ratios that varied by an order of magnitude (Makino et al., 2003), and 
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a meta-analysis that indicated bacteria species are largely homeostatic for C:P, C:N and N:P 

(Persson et al., 2010). Since then, both weak and non-homeostatic stoichiometry has been 

found in more recently isolated strains across environmentally relevant nutrient gradients 

(Scott et al., 2012; Godwin and Cotner, 2015a; Godwin and Cotner, 2015b). Less is known 

about C:N homeostasis in bacteria and cyanobacteria. Cyanobacteria, including 

Dolichospermum, were thought to have a C:N of 5.6 (atom) that was homeostatic (Wolk, 

1973), and deviations in homeostasis were caused by temporally decoupling of C and N 

acquisition (Forchhammer and Selim, 2020). However, non-diazotrophic cyanobacteria 

populations can have C:N stoichiometry that ranges between 4 and 20 (Wagner et al., 2019) 

that is likely a result of increased glycogen storage in biomass once dissolved N is exhausted 

(Forchhammer and Selim, 2020). These results show that diazotrophic C:N stoichiometry is 

less variable and constrained ranging between 4–9. There was a slight increase in the 

baseline C:N through time (Figure 2). This may have been due to another factor becoming 

limiting in the cultures, such as light, or possibly P, that would then contribute to this 

decoupling of C and N. Regardless, these data support the hypothesis that diazotrophs ability 

to fix atmospheric N2 results in a greater degree of homeostasis compared to non-

diazotrophs, but not strict C:N homeostasis as typically defined in ecological stoichiometry.

If variable nutrient supply rates maintained a dynamic demand for oscillating N fixation 

within a population, these data predict non-homeostasis for active N fixers. The temporal 

plasticity of cellular C:N in diazotrophs is likely caused by the molecular changes resulting 

from acquiring N from DIN to N fixation. DIN scarcity initiates an increase in the cellular 

C:N ratio in D. flos-aquae and C and N metabolism begins to decouple, causing increases of 

tricarboxylic acid cycle intermediate metabolite, 2-oxoglutarate (2-OG) (Torres-Sánchez et 

al., 2015). High concentrations of 2-OG causes a N sensing promoter, NtcA, to begin the 

cascading gene signaling process for heterocysts differentiation that is needed for 

nitrogenase synthesis and protection (Herrero et al., 2004). Consequently, the energetic 

requirements for this multi-step physiological response causes a decrease in growth (Fay, 

1992). The growth decrease and the increase in cellular N caused by reliance on atmospheric 

N2 permits D. flos-aquae to increase N cell quota causing the C:N to decrease. Thus, 

stoichiometric homeostasis appears temporally dependent on extracellular DIN availability 

in diazotrophic organisms. Furthermore, if a population is driven to complete dependence on 

DIN or atmospheric N2, then this period of non-homeostasis appears temporary.

4.3 Diazotroph growth trade-off

Diazotrophs grown solely on atmospheric N2 maintained slightly elevated C:N 

stoichiometry compared to populations grown exclusively on DIN. However, this near 

homeostatic response comes at a substantial growth penalty. This growth penalty is well 

documented (Fogg, 1964), and is caused by the increased energetic requirements to 

assimilate N from atmospheric N2 (Flores and Herrero, 2005) and possibly by replacing up 

to 10% of the vegetative cells used for growth to heterocysts used to fix N (Herrero et al., 

2016). Diazotrophic species have a selective advantage in low DIN waters because of the 

ability to fix N (Wood et al., 2010). However, under N limited conditions other 

phytoplankton groups with lower optimal N:P may be able to effectively compete with 

diazotrophic cyanobacteria. The optimum phytoplankton N:P has shown to vary between 
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genera (Klausmeier et al., 2004), as differences in nutrient requirements are based on 

physiological conditions. These differences in N:P optima contribute to the community 

structure seen in natural systems, as different nutrient requirements would allow for multiple 

genera to co-exist (Hutchinson, 1961). Comparable between divisions, optimum N:P has 

been shown to be lower in diatoms and higher in cyanobacteria (Hillebrand et al., 2013). 

Static and non-static responses to environmental nutrient changes effects which genera can 

be found in different environments. Maintaining a fairly constant C:N when exclusively 

grown on atmospheric N2 generates a fitness advantage in N limited systems. This N 

limitation, while being represented here as N:P values, is also related to the concentration of 

nutrients used to create the ratio (Morel, 1987). It has been shown that the half saturation 

constant of N is not only related to ambient N, but also cell size, showing a physiological 

trade-off of growth and nutrient uptake (Smith et al., 2014). This study clearly shows that 

this fitness advantage comes at high cost of growth for Dolichospermum.

4.4 Acclimation

The importance of acclimation in phytoplankton populations has recently been explored 

with a focus on conditions that effect growth and nutrient uptake, as these are correlated to 

acclimations to their environments (Litchman et al., 2007). In diatoms, Chaetoceros simplex 
chronically exposed to N limitation was unable to acclimate to grow under high 

temperatures compared to strains that were grown in N-replete conditions (Aranguren‐
Gassis et al., 2019). Temporal differences between P transporter genes under differing P 

additions was found in batch diatom monocultures, highlighting that a temporal sequence of 

molecular responses occurs in phytoplankton nutrient uptake acclimation (Cáceres et al., 

2019). Phenotypic plasticity has been observed in Microcystis, with upwards of a 5-fold 

increase in maximum CO2 uptake rates which were not previously acclimated to high CO2, 

suggesting blooms acclimated to high CO2 will intensify with rising atmospheric CO2 (Ji et 

al., 2020). Microcystis acclimated to both elevated N and temperature showed a significant 

increase in growth rates, but exhibited no significant changes in microcystin production 

(Rouco et al., 2011). In N-fixers, phycobiliproteins in Dolichospermum (reported as 

Anabeana) exhibited chromatic acclimation with differing light qualities (Ojit et al., 2015).

Acclimating diazotrophs to low or high N conditions varied C:N stoichiometry and biomass 

production between populations. The C:N plasticity between low and high acclimated 

populations varied depending on the duration of the experiment, possibly due to differences 

in intracellular N storage pools and the breakdown and consumption of these storage pools 

when populations became N limited (Allen et al., 1980). Additionally, low N acclimated 

populations produced more biomass in the high P treatments when the N imbalance was low 

during most of the experiment. Acclimation to temperature and resource limitation in 

Chlamydomonas populations resulted in similar responses to which the acclimated treatment 

out competes the non-acclimated populations when exposed to similar conditions (Kremer et 

al., 2018; Bernhardt et al. 2020). For example, when Chlamydomonas acclimated to 

temperatures of both 14°C and 33°C were then exposed to temperatures ranging from 14–

33°C, it was found that the populations with 14°C acclimation displayed higher growth rates 

overall compared to the 33°C acclimated populations (Kremer et al., 2018). Additionally, 

Chlamydomonas acclimated to light, N, or P limitation resulted in higher growth rates under 
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limited conditions compared to non-acclimated populations, which could be described by 

the difference in the Monod curve allowing for higher growth and decreasing the half 

saturation constant (Bernhardt et al. 2020).

4.5 Nitrogen fixation

Although DIN uptake was similar between the low and high N acclimated populations, the 

low N acclimated populations were able to fix more N in less time (Fig. 6). This could be 

explained by low N acclimated populations having a greater density of heterocysts that 

enabled a rapid N fixation response. Dolichospermum only produces heterocysts to fix N 

when environmental N is limited (Yema et al., 2016). Heterocysts typically form within 24 

hours after N limitation occurs (Kumar et al., 2010) and the N-fixing (nif) genes are 

expressed late during this developmental period (Elhai and Wolk, 1990; Golden et al., 1991). 

As the low N acclimated populations were previously primed for N fixation, these 

populations may have had the morphological and epigenetic machinery in place to shorten 

the response time to N deficiency. Although increased DIN availability inhibits N fixation, 

regaining nitrogenase activity in existing heterocysts may provide a functionally competitive 

mechanism for D. flos-aquae to respond to short-term N deficiency. While studies have 

shown growth differences for diazotrophs grown under differing N conditions both in lab 

and in field studies (Zulkefli and Hwang, 2020; Thomas and Litchman, 2016; Stockner and 

Shortreed, 1988), growth is usually measured as chlorophyll-a and C:N is not typically 

published or considered in the discussion of the findings. Further, the literature on ES of N 

fixation is strongly focused on N:P ratios. Of diazotrophs where C:N has been studied, the 

C:N of Trichodesmium while fixing N has been found to range from 4.1–6.5 (Holl and 

Montoya, 2008 and references within).

Relative to in situ N:P conditions, a 20-year study over three lakes of differing trophic status 

showed ranges in N:P from 15 – 1219 (by atom; Adamovich et al., 2019), which were 

relevant to our studies N:P culture conditions, showing that Dolichospermum very 

realistically could grow under such conditions and would expect C:N to respond as shown in 

Fig. 2. While eutrophic lakes have typically been of concern for cyanobacterial blooms, 

Dolichospermum blooms in oligotrophic lakes have been noted. Dolichospermum blooms in 

an oligotrophic lake during summer months had a C:N of 8.7 and 4.7 (by atom) in 2010 and 

2011 (Callieri et al., 2014), a range supported by results from this study (Fig. 2). However 

without confirmed heterocyst counts from the Callieri et al. (2014) study, the high C:N 

merely infers N fixation. It is notable that Dolichospermum blooms have been found to 

occur in lakes that do not have a typically low N:P ratio (Sterner et al., 2020), suggesting 

that this genus utilizes other methods, such as akinetes (Carey et al., 2009) to outperform 

other genera. Rivers may also be driving these Dolichospermum blooms, as the lower N:P 

riverine and cooler environment would prime these filaments, and then once reaching the 

lake body where higher temperatures and light levels allowed for growth a bloom becomes 

possible (Reinl et al., 2020). How the C:N of Dolichospermum would respond if blooming 

in an oligotrophic lake is still comparable to our study, as the production of heterocyst is 

dependent on N availability. If the bloom utilizes the available N, heterocyst will form and 

the „hump‟ shaped curve signifying cell N limitation should be observable through time, 

even in lakes with low productivity.
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Resource competition and competitive exclusion theories provide a predictive framework on 

interspecific competition and states that organisms that have a lower nutrient requirement 

would outcompete organisms with a higher nutrient requirement (Hutchinson, 1961; Tilman, 

1977). For example, species with lower half saturation constants for nitrate will be able to 

obtain limiting resources and outcompete species with higher half saturation constants 

(Reynolds, 2006). Seasonal N drawdown typically occurs over the course of the late summer 

months (Salk et al., 2018) in many lakes until fall turnover increases available N. During the 

months when N is limiting, Dolichospermum can begin to acclimate and increase the 

amount of N fixed leaving them primed to respond to a pulse of N availability during 

seasonal mixing. Our results indicate the potential importance of this phenomena, but 

targeted field studies are needed to confirm that N fixation may simply position a 

diazotrophic species for seasonal blooms rather than fuel them.

5. Conclusion

Diazotrophs are unique in terms of their ability to fix atmospheric N2, which confer a unique 

advantage to some HAB species. Here ES theory was used to evaluate the potential for 

elemental homeostasis of N in a common diazotrophic phytoplankton, D. flos-aquae. This 

diazotroph responded dynamically to changing nutrient supply and this response depended 

on the conditions in which a blooming population was acclimated. This study shows the 

potential for C:N homeostasis within diazotrophs, but only with obvious growth/homeostasis 

tradeoffs. Short term studies on bloom forming cyanobacteria may miss this critical 

dynamic. These results span across a variable productivity gradient from eutrophic to 

hypereutrophic and provide evidence for the importance of controlling for both N and P as 

the main macronutrients for cyanobacteria of emerging concern (Glibert and Burford, 2017). 

Without readily available N, growth rates of diazotrophs cannot reach the maximum growth 

rate because N fixation induces a strict homeostasis growth tradeoff.
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Highlights

• Dolichospermum flos-aquae was acclimated to low and high N:P conditions.

• Populations were tested for temporal biomass and C:N stoichiometric 

changes.

• D. flos-aquae (UTEX 1444) does not exhibit strict stoichiometric homeostasis 

for N.

• Acclimated populations of D. flos-aquae exhibited differences in fixed N and 

C:N.
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Fig. 1: 
Hypothetical graphs showing the possible growth trade-offs from diazotrophic cyanobacteria 

dependent upon how much available nitrogen (N) is in the environment. Four different 

scenarios (A, B, C, D) exist to show this in terms of particulate carbon (PC), particulate 

nitrogen (PN), and the carbon to nitrogen (C:N) response.
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Fig. 2: 
The carbon to nitrogen (C:N) ratio by atom among N to phosphorus (N:P) supply for the 

homeostasis experiment through time (A) Day 5, (B) Day 6, (C) Day 7, (D) Day 8, (E) Day 

10, (F) Day 12. Tukey post-hoc test results for the homeostasis experiment shown in Table 1.
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Fig. 3: 
The carbon:nitrogen (C:N) by atom for each acclimation treatment over the four sampling 

events and for each of the phosphorus (P) levels. Lines represent 95% prediction intervals. 

(A) Day 7 for P of 133.5 μg, (B) Day 7 for P of 267.8 μg, (C) Day 7 for P of 535.5 μg, (D) 
Day 14 for P of 133.5 μg, (E) Day 14 for P of 267.8 μg, (F) Day 14 for P of 535.5 μg, (G) 
Day 21 for P of 133.5 μg, (H) Day 21 for P of 267.8 μg, (I) Day 21 for P of 535.5 μg, (J) 
Day 28 for P of 133.5 μg, (K) Day 28 for P of 267.8 μg, (L) Day 28 for P of 535.5 μg.
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Fig. 4: 
The particulate carbon (PC) mass for each acclimation treatment over the four sampling 

events and for each of the phosphorus (P) levels. Lines represent 95% prediction intervals. 

(A) Day 7 for P of 133.5 μg, (B) Day 7 for P of 267.8 μg, (C) Day 7 for P of 535.5 μg, (D) 
Day 14 for P of 133.5 μg, (E) Day 14 for P of 267.8 μg, (F) Day 14 for P of 535.5 μg, (G) 
Day 21 for P of 133.5 μg, (H) Day 21 for P of 267.8 μg, (I) Day 21 for P of 535.5 μg, (J) 
Day 28 for P of 133.5 μg, (K) Day 28 for P of 267.8 μg, (L) Day 28 for P of 535.5 μg.
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Fig. 5: 
Total dissolved inorganic nitrogen (μg; N) for each of the acclimation populations for all 

four sampling events. (A) Low N acclimated populations with an initial phosphorus (P) of 

133.5 μg, (B) Low N acclimated populations with an initial P of 267.8 μg, (C) Low N 

acclimated populations with an initial P of 535.5 μg, (D) High N acclimated populations 

with an initial P of 133.5 μg, (E) High N acclimated populations with an initial P of 267.8 

μg, (F) High N acclimated populations with an initial P of 535.5 μg.
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Fig. 6: 
Particulate nitrogen (N) residuals from the N added to the cultures plotted against the N 

imbalance of the media over the four sampling events for each acclimation (A) Day 7, (B) 
Day 14, (C) Day 21, (D) Day 28.
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Table 1:

Linear model results showing Chi-squared (χ2), degrees of freedom (DF), and p-values. Tukey’s post-hoc test 

results between nitrogen:phosphorus (N:P) treatments within day for the homeostasis experiment. For post-hoc 

analysis of the means note that D>C>B>A.

Variable χ2 DF P value

N:P 518.5 10 <0.001

Day 3311 5 <0.001

N:P(Day) 1046 50 <0.001

Post hoc Comparisons

Day

Treatment 5 6 7 8 10 12

(N:P)

1 C A BC A BD B

2 B A D B CD BC

4 AB B CD C EF BC

8 AB B AB B F C

12 AB B AB A EF D

16 AB B AB A DE D

20 A B A A AC D

30 AB B A A A BC

50 AB B A A AC A

75 A B A A ABC A

100 A B A A AC A

Post hoc Comparisons

N:P treatment

Day 1 2 4 8 12 16 20 30 50 75 100

5 AC A A A A A A A A A A

6 D C B BC B B B C B BD BC

7 AB BC B AB B B B AB B AB B

8 A B C C B B B BC B BC B

10 BCD BC C D C C C C C D C

12 CD C C D D D D D C CD C
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Table 2:

Carbon:nitrogen (C:N) ranges, encompassing all N:phosphorus (P) conditions, and previous N acclimation for 

each day for the acclimation experiment. Test statistic and p-value from paired t-test are shown.

Day PO4−P (μg) Nitrogen acclimation C:N (atom) range over all N:P Test statistic (t) p-value

Low 3.4–6.0 2.81 0.031

133.5 High 3.0–4.7

7 Low 3.7–12.5 2.71 0.035

267.8 High 1.0–4.9

Low 4.2–6.3 4.00 0.007

535.5 High 1.6–4.9

Low 3.9–6.3 1.90 0.10

133.5 High 3.1–6.3

Low 4.1–5.9 −0.36 0.73

14 267.8 High 3.1–10.5

Low 4.3–6.4 −1.39 0.22

535.5 High 4.0–5.0

Low 3.7–4.9 −4.79 0.003

133.5 High 4.3–6.3

21 Low 4.4–6.4 −3.49 0.013

267.8 High 4.8–7.2

Low 3.9–6.5 −5.16 0.002

535.5 High 4.6–8.8

Low 3.5–4.9 −4.79 0.003

133.5 High 4.6–6.3

28 Low 4.2–6.4 −3.49 0.013

267.8 High 4.8–7.2

Low 3.9–7.7 −5.16 0.002

535.5 High 4.6–8.8
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