W phycology

Article

Nonlinear Responses and Population-Level Coupling of Growth
and MC-LR Production in Microcystis aeruginosa Under
Multifactorial Conditions

Melina Celeste Crettaz-Minaglia 1"**(, Sandro Goiii 2-® and Leda Giannuzzi

check for

updates
Received: 30 April 2025
Revised: 12 June 2025
Accepted: 13 June 2025
Published: 18 June 2025

Citation: Crettaz-Minaglia, M.C.;
Goni, S.; Giannuzzi, L. Nonlinear
Responses and Population-Level
Coupling of Growth and MC-LR
Production in Microcystis aeruginosa
Under Multifactorial Conditions.
Phycology 2025, 5, 26. https://
doi.org/10.3390/ phycology5020026

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

1,2,3,t

1 Areade Toxicologia, Facultad de Ciencias Exactas, Universidad Nacional de La Plata (UNLP),

La Plata 1900, Argentina

Consejo Nacional de Investigaciones Cientificas y Técnicas, San Lorenzo 2290, Argentina;

sandro.goni@ing.unlp.edu.ar

3 Centro de Investigacién y Desarrollo en Criotecnologia de Alimentos (CIDCA) CONICET-UNLP,
La Plata 1900, Argentina

*  Correspondence: crettaz.melina@uader.edu.ar

Deceased. Prof. Leda Giannuzzi passed away before the submission of this manuscript.

Abstract: Microcystis aeruginosa is a cyanobacterium frequently associated with toxic blooms
in eutrophic freshwater systems. Certain strains produce microcystins (MCs), a group of
hepatotoxins with significant ecological and public health implications. In this study, we ex-
amined the quantitative response of a temperate native M. aeruginosa strain to combinations
of temperature (26, 30, and 36 °C), light intensity (30, 50, and 70 pmol photons-m’zs’l),
and N:P ratio (10, 100, 150), using a full-factorial experimental design. Growth parameters
(1, lag phase duration, and maximum cell density), chlorophyll-a production, and MC-LR
synthesis were modeled using Gompertz, linear, and dynamic approaches. High tempera-
ture and irradiance increased the specific growth rate but decreased final biomass, while
elevated N:P ratios shortened the lag phase. MC-LR production peaked under low tem-
perature, low irradiance, and low N:P ratio. Although MC-LR synthesis did not correlate
positively with growth rate, and the environmental conditions maximizing growth differed
from those enhancing toxin production, a population-level coupling between both pro-
cesses was observed using the Long model. These findings suggest that MC-LR synthesis
in M. aeruginosa is not merely a metabolic by-product of growth, but a context-dependent
trait with potential adaptive significance.

Keywords: cyanobacterial blooms; growth modeling; multifactorial design; toxin produc-
tion; environmental drivers

1. Introduction

Cyanobacterial blooms are a growing global concern due to their ecological impacts
and health risks associated with toxin production. Among bloom-forming genera, Micro-
cystis is one of the most prevalent and widely distributed in freshwater ecosystems, with
numerous strains capable of producing microcystins (MCs), a group of hepatotoxins with
demonstrated toxicity to aquatic organisms and humans [1,2]. These blooms can disrupt
ecosystem structure and function, reduce biodiversity, and impair water use for drinking,
recreation, agriculture, and aquaculture [3,4].

Environmental factors such as light intensity, temperature, and nutrient availability
shape both the growth dynamics and toxin synthesis of M. aeruginosa. While the individual
effects of these drivers have been extensively studied, there is growing evidence that their
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interactions can lead to nonlinear and context-dependent responses [5,6]. Understanding
these interactions is essential for improving predictions of bloom dynamics under future
climate and eutrophication scenarios. Several laboratory studies have explored how tem-
perature, irradiance, or N:P ratio influence either growth or MC production (e.g., [7-9]),
often revealing that conditions optimizing growth do not necessarily maximize microcystin
synthesis. However, the relationship between M. aeruginosa growth and toxin production
remains ambiguous, with some studies reporting positive coupling [10] and others suggest-
ing inverse or nonlinear associations [8,11]. To clarify these patterns, experimental designs
that integrate multiple environmental drivers are essential. Multifactorial approaches allow
for the detection of interactive effects that would otherwise remain hidden in single-factor
analyses [12]. Moreover, applying mathematical models to the full growth curve pro-
vides robust kinetic parameters, enabling more precise comparisons across conditions and
taxa [13,14].

Given the growing interest in forecasting harmful cyanobacterial blooms under climate
change scenarios, laboratory-based studies remain essential to provide reliable growth and
toxin parameters. These data are increasingly used to inform predictive frameworks that
integrate climate variables, nutrient loads, and microbial interactions [15-17].

Recent advances in modeling Microcystis dynamics have applied approaches ranging
from multiple regression [18] and kinetic models for toxin release [19] to mechanistic
simulations incorporating photosynthetic activity and environmental variables [20]. Our
study complements these efforts by using a full-factorial experimental design combined
with Gompertz and dynamic models to derive quantitative growth and toxin production
parameters under controlled conditions.

In this study, we applied a 3 x 3 x 3 factorial design to investigate how temperature,
irradiance, and N:P ratio jointly affect the growth, chlorophyll-a (Chl-a) production, and
MC-LR synthesis of a temperate native M. aeruginosa strain under controlled conditions.
We modeled growth using the Gompertz equation and applied both linear and dynamic
modeling approaches to describe Chl-a and MC-LR production over time. We hypothesized
that (a) microcystin production is coupled to cellular growth rate and (b) the optimal
environmental conditions for growth differ from those that maximize MC-LR synthesis.

2. Materials and Methods
2.1. Experimental Design and Culture Conditions

A temperate, native, non-axenic Microcystis aeruginosa strain (CAAT2005-3), previously
characterized as a [D-Leul] MC-LR producer [14], was used in this study. The strain is
maintained in our laboratory collection at the Area de Toxicologia, Facultad de Ciencias
Exactas, Universidad Nacional de La Plata (UNLP), Argentina. Cultures were grown in
sterile 500 mL Erlenmeyer flasks under controlled laboratory conditions. The base medium
was BG11o, supplemented with 0.15 g-L.~! of sodium nitrate (NaNO3) and 0.04 g-L~! of
dipotassium hydrogen phosphate trihydrate (K,HPO,4-3H,0), corresponding to a molar
N:P ratio of approximately 10:1 (1.76 mM nitrate-N and 0.175 mM phosphate-P). Pre-
cultures were maintained at 26 °C under a 10:14 h light-dark cycle, with continuous aeration
and a light intensity of 30 pmol photons m~2 s~1, until reaching the exponential phase.

A full-factorial design with three environmental variables, temperature (26, 30, and
36 °C), irradiance (30, 50, and 70 pumol photons m~2 s~ 1), and N:P ratio (10, 100, and 150),
was applied, resulting in 27 experimental conditions. The N:P ratios of 100 and 150 were
obtained by proportionally adjusting the concentrations of nitrate and phosphate in the
base medium. Each condition was tested in triplicate using a growth chamber with precise
environmental control. Samples were collected over 15-20 days to measure cell density,

chlorophyll-a concentration, and [D-Leul] MC-LR content.
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Cell density was determined by direct counts using an optical microscope and a
Neubauer chamber. Chlorophyll-a was quantified spectrophotometrically after methanol
extraction, following [21]. Finally, MC-LR concentrations were measured by HPLC-MS, as
previously described by [14].

2.2. Growth Curve Modeling

The modified Gompertz equation [13] was applied to model M. aeruginosa growth over
time. The following kinetic parameters were derived from the fitted curves: specific growth
rate (p), lag phase duration (LPD), and maximum population density (MPD). Parameter
calculations followed the approach described in [14], with p calculated as the slope at the
inflection point, LPD as the time-axis intercept of the tangent, and MPD as the asymptotic
maximum of the curve.

2.3. Modeling of Chlorophyll-A and Microcystin-LR Production

Chlorophyll-a production was modeled using a first-order kinetic equation, from
which the rate constant (ko) and mean doubling time (dtcy.,) were calculated.

Microcystin production was described using a dynamic model in which the toxin
concentration is a function of cell division rate, incorporating a production coefficient (p)
and a depletion rate (dM). The model assumes that toxin accumulation is proportional
to growth and is balanced by degradation or release. Additionally, the model proposed
by [10] was applied to assess the net MC-LR production rate (RMC) as a function of specific
growth rate and intracellular toxin quota (QMC).

2.4. Statistical Analyses

Data were analyzed using SigmaPlot 12.0. A multifactorial analysis of variance
(ANOVA) with post hoc Tukey’s test (p < 0.05 and 0.001) was performed to assess the
effects of temperature, irradiance, and N:P ratio, and their interactions, on each measured
and modeled parameter. The assumptions of normality and homoscedasticity were checked
before ANOVA. Model performance was evaluated through R? and root mean square error
(RMSE), and correlations between variables were assessed using linear regression.

3. Results
3.1. Growth Kinetics

Growth parameters derived from the Gompertz model (Figure 1) exhibited strong
variation across treatments, as summarized in Table 1. The model showed a good fit
between the experimental and predictive values for cell density (Figure 2).

The specific growth rate (i) ranged from 0.17 to 0.46 d !, with the highest values
occurring at 30 °C under high irradiance and low to intermediate N:P ratios. In contrast, the
lag phase duration (LPD) ranged from 0.18 to 3.55 days and displayed an inverse pattern,
with the shortest LPDs under similar conditions. Maximum population density (MPD)
showed less variability and no consistent environmental pattern.

Statistical analysis confirmed significant effects of temperature and irradiance on
both pand LPD (ANOVA, p < 0.01), with an interaction effect between these two factors
influencing LPD. The N:P ratio exerted a milder effect, primarily on LPD under high
nutrient imbalance. Collectively, these results indicate that growth rate and adaptation
time are highly sensitive to temperature and light but less so to nutrient stoichiometry.
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Figure 1. Modeling of M. aeruginosa growth (cells-mL~') in culture media. Solid lines represent
Gompertz model fits to experimental data at 26 °C (a—c), 30 °C (d—f), and 36 °C (g—i), under different
light intensities: 30 umol photons-mfz-s*1 (a,d,g), 50 pmol photorls-m*2~s*1 (b,e,h), and 70 umol
phot01ns-rr1_2~s_1 (¢ f,i). Symbols represent N:P ratios: e = 10, X =100, ® =150.
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Figure 2. Correlation between experimental and predicted values of M. aeruginosa cell density
(cells:mL 1) based on RMSE values. Symbols represent temperatures: @ =26 °C, x =30 °C, 4 =36 °C.
The diagonal line indicates the line of equivalence.
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Table 1. Application of the Gompertz model to the experimental data. Parameters a, b, ¢, and m
correspond to the model coefficients; p (d71) is the specific growth rate; LPD (d) is the lag phase
duration; and MPD (cells-mL~!) is the maximum population density. The table also shows the
coefficient of determination (R?) and root mean square error (RMSE).

MPD

RMSE  R? (cells.mL1) LPD (d) p(dm m c b a 26°C

0.082 099 7.28 4 0.02 3.55 4 0.072 02040052 5394006 054+002 0994001 629+ 0.01 N:P 10

0.030 099 749 +£0.03° 0.65+ 0.26° 02140052  315+007 0404001 139+£0.02 610+ 0.01 N:P 100 3&1‘;:2?
0.033 099 7.37 £ 0.052 0.18 £ 0.40° 024 +0072 2224009 049+002 1324003  6.06 % 0.02 N:P 150 m2s7!
0.059 099 7.19 +0.03> 22840362 02440072 4424005 0474002 1394002 580+ 0.01 N:P 10

0.085 099 7.44 +0.03° 224 +0.38" 02740062  445+006 045+001 1.64+0.02 580001 N:P 100 5;);;221
0.055  0.99 7.33 £0.05° 0.88 + 043" 02940082 3014009 0474001 166+0.03 5674002 N:C:\N:\PP 150 m~2s~!
0.040 099 7.35 + 0.03° 2.5440.162 035+£005° 371+001 085+001 1114000 6234 0.00 N:P 10

0.075 099 7.22£0.03" 072 £0.32" 038+009° 1944005 0824003 1274002 5954 0.02 N:P 100 ?hizﬁl
0.021 0.99 7.05 4+ 0.03° 0.56 + 0.34° 036+£0.10°  1.66+006 091+007 1094002 596+ 0.01 N:P 150 m=2s7!
RMSE R (cel?ﬁpm?:l) LPD (d) w@ m c b a 30°C

0.033 099 7.39 + 0.06 2. 0.94 +0.272 022+0082  310+0.14 0464002 131+0.03 6.08+0.03  N:C:\N:\PP10

0.073 099 6.75 +0.072.4 0.68 +0.462 03040122 2184010 066+006 1254004 550+ 0.03 N:P 100 3;,)}&;:231
0.026 099 6.74 +0.09 2 0.94+0.622 02240112 3014018 0484005 124+005 549+ 0.04 N:P 150 m~%s!
0134 099 6.72 £ 0.06.¢ 1.04 £0.25° 046 £0.14>  203+006 1.01+008 1224003 549+ 0.03 N:P 10

0.090 099 6.58 = 0.06 .4 0.75+0.382 040+0.12° 1814008 0954007 1144003 54440.03 N:P 100 Sghizﬁl
0.020 099 6.62 + 0.08° 0.54 +0.382 043+£015°  155+0.07 1004008 1174004 545+ 0.04 N:P 150 m=2s7!
0.018  0.99 7.19 +0.06 2. 1.09 +0.44 2 043 +008> 2154011 094+002 124+003 5954 0.03 N:P 10

0.067 099 7.06 +0.022.4 0.35 4 0.232 044 +£008°> 1274003 1.08+003 110+£0.01 596+ 0.01 N:P 100 ?hiiﬁﬁl
0.055 099 7.13 +£0.062 091 +0.612 038+006° 206+016 087+0.02 1194004 5944+ 0.02 N:P 150 m=2s7
RMSE R (celi/l_ig,l) LPD (d) w(d m c b a 36°C

0.055 099 6.44 +0.072 1.28 +0.60 2 01940042  256+0.19 050+0.04 1.05+004 5394003 N:C\N:\PP10

0.070  0.99 6.41 +0.082 0.90 +0.552 01840072  202+0.18 045+0.02 1.09+004 533+ 0.04 N:P 100 3&%@21
0576 099 6.46 + 0.042 1.25 4+ 0.43 2 019 +£0062  262+0.10 0484002 1.07+002 539+ 0.02 N:P 150 m2s7!
0.058 099 6.46 +0.022 12140292 02040042 3324004 0474001 1144001 5324001  N:C:\N:\PP 10

0.028 099 6.33 & 0.06 2 1.05 + 0.51° 02140082 307+013 049+003 1154003 5324003  N:C:\N:\PP 100 55}1‘;:2?
0.030 099 6.50 +0.052 0.78 +0.49 2 017 +£0.06% 3374012 0394002 1214003 5284003 N:C:\N:\PP 150 m2s!
0.026 099 6.20 + 0.03° 042 +0.31° 031008 140+005 1.01+005 0824001 5384001  N:C:\N:\PP 10

0.026 0.99 6.13 +0.02° 029 +1.10° 0.26 + 0.06° 1374004 093+003 0754001 538+0.01 N:P 100 7;’)}12:221
0.071 0.99 6.27 +0.04° 0.51 +0.36° 031+£009° 155+007 096+006 089+002 539+ 0.02 N:P 150 m=2s7!

Different letters are significant differences (p < 0.05).

3.2. Chlorophyll-A Production

The chlorophyll-a production rate (kg), derived from first-order kinetic modeling
(Figure 3, Table 2), exhibited a relatively narrow range of variation across treatments.
Although some differences were statistically significant (ANOVA, p < 0.05), no clear or
consistent patterns emerged in response to temperature, irradiance, or N:P ratio. The
highest kg values were observed under intermediate light and temperature conditions, but
these trends were not systematic across treatments.

Overall, this parameter showed limited sensitivity to the tested environmental factors,
suggesting a constrained discriminative capacity under the conditions of this experiment.
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Figure 3. Chlorophyll-a levels expressed as In(C/Cy) as a function of time (days). Experimental
data shown for 26 °C (a—c), 30 °C (d—f), and 36 °C (g—i) under different light intensities: 30 pumol
photons-m*lsf1 (a,d,g), 50 umol photons~m*2-s*1 (b,e,h), and 70 umol photons-m*Z-S*1 (cf,1).
Symbols represent N:P ratios: e = 10, X =100, ® = 150. Error bars denote standard deviation (SD).

Table 2. Chlorophyll-a parameters obtained from the first-order kinetic model. ko (d~!) is the specific

rate constant; dtcyy., (d) is the chlorophyll-a doubling time; and R? is the coefficient of determination.

R? dtgo-a (d) ko (d~1) 26 °C

0.99 3.46 4 0.05° 0.20 4+ 0.07 2 N:C:\N:\PP 10

0.94 2.88 +0.05° 0.24 £ 0.08 2 N:P 100 30 HITS; Ig’?ffon
0.97 3.30 £ 0.06 2 0.21 4+ 0.09 2 N:P 150

0.91 5.33 % 0.06 0.13 £ 0.092 N:P 10

0.91 533 + 0.04P 0.13 + 0.06 2 N:P 100 50 pmol photon
0.96 5.77 +0.06 ° 0.12 +0.09 2 N:P 150 e

0.95 3.30 £ 0.03® 0.21 4 0.042 N:P 10

0.93 495+ 0.05" 0.14 +0.08° N:P 100 70 pmol photon
0.93 4624005 0.15 % 0.07 2 N:P 150 e

R? dtge-a (d) ko (d71) 30 °C

0.93 2.88 + 0.06 2 0.24 4+ 0.09 2 N:C:\N:\PP 10

0.94 346 £ 0052 0.20 £ 0.082 N:P 100 pho?(o)n:r'ln_%l.s_l
0.95 3.85 4 0.06 2 0.18 £ 0.09 2 N:P 150

0.93 462 +0.06° 0.15 4+ 0.09 2 N:P 10

0.93 4.95 +0.06 2 0.14 4+ 0.09 2 N:P 100 50 HITS; Is’flffon
0.91 3.64 +0.052 0.19 + 0.08 2 N:P 150

0.93 4.95 4 0.05° 0.14 4+ 0.07 2 N:P 10

0.95 3.64 + 0.05P 0.19 + 0.072 N:P 100 70 pmol photon
0.95 495+ 005 0.14 4+ 0.08 2 N:P 150 e
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Table 2. Cont.
R? dtgo-a (d) ko (d~1) 26 °C
R? dtejo-a (d) ko (d™ 36 °C
0.93 4.95 +0.07° 0.14 +0.10® N:C:\N:\PP 10
0.95 6.30 + 0.06 ° 0.11+0.09° N:P 100 30 umo} Sﬁft‘m
0.99 6.30 + 0.05 2 0.11 4+ 0.08° N:P 150
097 433 +0.06° 0.16 + 0.09° N:C:\N:\PP 10
0.98 3.64+ 0072 0.19+0.10° N:C:\N:\PP 100 phofgnﬁ“f’zl.s,l
0.99 6.30 + 0.05 2 0.11 + 0.08° N:P 150
0.96 2.77 + 0.06° 025+ 0.09° N:P 10
0.99 462+ 0,052 0.15 + 0.08 N:C:\N:\PP 100 70 uma) photon
0.98 3.30 + 0072 021 +0.10° N:C:\N:\PP 150

Different letters are significant differences (p < 0.05).

3.3. Microcystin-LR Production

Microcystin production was modeled using a dynamic growth-dependent equation,

from which the toxin synthesis (p) and loss (dM) coefficients were estimated (Figure 4,

Table 3). The synthesis parameter p displayed high variability among treatments, spanning

nearly two orders of magnitude. The highest values were observed under moderate

temperature (26-30 °C), medium irradiance, and intermediate N:P ratios, although the

response pattern was not uniform.
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Figure 4. Modeling of [D-Leu'] MC-LR production (umol-L~1) in culture media. Solid lines rep-
resent model fits to experimental data at 26 °C (a—c), 30 °C (d—f), and 36 °C (g-i) under different
light intensities: 30 umol pho’cons'm_2-s_1 (a,d,g), 50 umol photons'm_2~s_1 (b,e,h), and 70 umol

photons-m*2~s*1 (c,f,i). Symbols represent N:P ratios: e = 10, X =100, ® =150. Error bars omitted

for clarity.
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Table 3. Application of the dynamic model equation. p (fg-cell ') and dM (d~!) are the model coefficients.

Irradiation

R2? dy (day—1) p (fg.cell 1) N:P (umol.photon m2.5~1 Temperature
0.97 6.36 x 1072 £ 4.04 x 1072 227 x 1075 £ 6.17 x 107° 10

0.98 177 %101 £150 x 1071 1.63x 105 +924x 106 100 30

0.99 1.00 x 1070+ 6.54 x 1072 6.94 x 107° £ 3.53 x 107 150

091 1.31 x 10~1 4+ 2.45 x 10! 119 x 105 + 9.83.10~6 10 26°C
0.80 134x 101 +£389 x 1071 583 x106+734x 106 100 50

0.94 1.00 x 107+ 133 x 1071 743 x 1077 £7.99 x 1077 150

0.91 1.00 x 107 +3.68 x 1071 8.09 x 1077 +1.62 x 107° 10

0.87 100 x 1076 £ 446 x 1071 587 x 107 £1.07 x 107 100 70

0.77 1.00 x 1070 +£3.70 x 1071 411 x 1077 £ 1.43 x 107° 150

0.96 786 x 1072 +£472x 1072 1.03 x 107> +2.97 x 107° 10

0.18 417x 104 +118x 100 535 x 1076 + 632105 100 30

0.94 1.01 x 1074876 x 1071 3.64 x 1070 +1.74 x 107° 150

0.77 185 x 1071 £3.07 x 10" 8.02 x 1076 4 1.39 x 1075 10 30°C
0.77 571102 £346 x 1071 6.35 x 1076 £ 2.27 x 105 100 50

0.99 1.00 x 1070+ 1.75 x 1071 721 x 1077 £ 6.30 x 1077 150

0.58 6.80 x 1072 £ 2.15.10~1 7.00 x 1077 £1.23 x 10~° 10

0.40 749 x102+£302x10°0  210x106+430x 1076 100 70

0.59 134 x 1071 4317 x 1071 248 x 1076 +£4.73 x 107 150

0.81 230 x 1071 £1.46 x 1071 628 x 1072 £3.79 x 107° 10

0.88 491 x 1071 £398 x 109 2.69 x 1075 +2.13 x 10~ 100 30

0.99 1.00 x 1070 534 x 1071 516 x 1070 +1.70 x 10~° 150

0.99 456 x 1071 £ 639 x 101 296 x 104 +£2.73 x 104 10 36°C
0.99 311x 1071 +194x 1070 715x 1075 +295x 1075 100 50

0.99 373 x 1071 £215x 1071 6.05 x 107° £2.65 x 107° 150

0.99 1.00 x 1070+ 1.61 x 1071 471 x 1070 £2.77 x 107° 10

0.99 100 x 1076 £228 x 1071 1.04 x 1075 + 6.56 x 10~° 100 70

0.40 1.00 x 1070+ 6.84 x 1071 343 x 1077 +£1.35 x 107° 150

No statistically significant differences were found.

In contrast, the degradation/loss coefficient dM showed lower variability and lacked
a clear association with any single environmental factor. Statistical analysis confirmed
significant effects of temperature and N:P ratio on p (ANOVA, p < 0.01), while dM was not
significantly influenced.

A significant negative correlation was found between p and the specific growth rate
i (Pearson r = —0.48, p = 0.012), suggesting a trade-off between cellular proliferation and
toxin synthesis capacity under varying environmental conditions.

3.4. Long Model: Net Toxin Production and Growth Coupling

To evaluate the relationship between cellular growth and net toxin production,
the Long model was applied using empirical estimates of intracellular toxin quota
(OMC) and the specific growth rate (i). The resulting net microcystin production rate
(RMC = QMC x p) showed a significant positive linear correlation with p (Figure 5), in-
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dicating that higher growth rates were associated with increased overall toxin output per
time unit.

a

R, (lgca ' dia’)

(1] 0"( 0'2 D'J U'-i s
poe’)
Figure 5. Application of the Long model [10] to experimental data on growth and MC-LR production.
Panels correspond to 26 °C (a), 30 °C (b), and 36 °C (c). Symbols represent N:P ratios under different
light intensities:—At 30 pmol photons'm_zs_l: e =N:P 10, + = N:P 100, O = N:P 150,—At 50 umol
photons-m~2-s~1: M =N:P 10, ® = N:P 100, A = N:P 150;,—At 70 umol photons-m~2-s~1: (J = N:P
10, X =N:P 100, ¥ = N:P 150.

This finding contrasts with the inverse relationship observed between p and the
synthesis parameter p derived from the dynamic model, suggesting that different modeling
approaches capture distinct aspects of the toxin production process. While p reflects the
capacity for synthesis under varying physiological states, RMC integrates both growth and
intracellular toxin content, providing a population-level view of total microcystin output.

4. Discussion

This study modeled the growth, chlorophyll-a production, and microcystin synthesis
of a temperate Microcystis aeruginosa strain under multifactorial environmental conditions.
The results revealed distinct responses of growth dynamics and toxin production to temper-
ature, irradiance, and nutrient ratios, highlighting complex regulatory patterns that have
both physiological and ecological significance.

The specific growth rate (1) was primarily driven by temperature and irradiance, with
optimal values observed at 30 °C and under moderate to high light conditions. These
findings align with previous studies showing that M. aeruginosa tends to accelerate growth
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with increasing temperature and irradiance up to a physiological threshold [22,23]. In
our experiment, irradiance stimulated growth, especially at 26 °C and 30 °C, but showed
signs of inhibition or photolimitation at 36 °C likely due to thermal stress and loss of
colony structure, which could reduce photoprotection [24,25]. The lag phase duration
(LPD) decreased with increasing temperature and nitrogen availability, reflecting faster
adaptation to favorable conditions—a pattern consistent with microbial physiological
theory and some cyanobacterial studies [26-28].

Chlorophyll-a production (ko) did not show consistent trends across treatments, echo-
ing the complexity noted in the literature regarding its regulation in M. aeruginosa [29,30].
Given its dual role as a pigment and as a proxy for biomass, its variability may reflect
physiological adjustments not strictly tied to growth rate.

Microcystin production, modeled through dynamic growth-dependent equations,
revealed a synthesis parameter (p) that was highly variable across treatments and negatively
correlated with p. This indicates a functional decoupling between proliferation and toxin
synthesis, suggesting that toxin production is not a passive by-product of growth but
a regulated trait potentially modulated by environmental stress, nutrient availability, or
interspecific interactions [31-33] High toxin synthesis occurred under low temperatures and
higher phosphorus availability, a combination that has been associated with stress-related
toxin induction in other studies [34,35].

Despite this apparent decoupling, the application of the Long model (RMC = QMC X )
revealed a positive relationship between growth rate and net toxin output, indicating that
biomass accumulation remains a key driver of bloom toxicity. This coexistence of cou-
pled and uncoupled mechanisms highlights the importance of considering both cellular
regulation and population dynamics when interpreting toxin production patterns.

From an ecological perspective, these findings support the hypothesis that micro-
cystins may act as adaptive molecules under suboptimal conditions, potentially enhanc-
ing survival or competitive advantage. Conversely, the association between fast growth
and increased net toxin output under high phosphorus availability suggests that active
metabolism can also support toxin synthesis during bloom expansion. Although this
study was conducted under controlled laboratory conditions using a monoculture, it is
important to consider that in natural environments, M. aeruginosa interacts with a variety
of organisms, including other phytoplankton and macrophytes, which may compete for
resources. Such biotic interactions can trigger chemical signaling or resource competition
that influences the regulation of microcystin production. Several studies have proposed
that under certain conditions, microcystins may act as allelochemicals—that is, compounds
involved in interspecific chemical interference—modulating competitive dynamics within
the community [36,37]. Incorporating this ecological perspective reinforces the interpreta-
tion of microcystins as adaptive molecules whose expression may be shaped not only by
abiotic stressors but also by complex ecological signals.

In the context of global environmental change, these regulatory patterns acquire fur-
ther relevance. Thermal adaptation may enable toxigenic strains of M. aeruginosa to shift
their geographic distribution and bloom dynamics, potentially altering the balance be-
tween growth and toxicity. Predictive models must, therefore, integrate both physiological
responses and environmental drivers to accurately assess bloom risk and toxin production
under future climate scenarios [15-17].

5. Conclusions

This study demonstrated that microcystin production in M. aeruginosa responds to
both coupled and uncoupled dynamics relative to cellular growth. While the synthesis
parameter (p) decreased as the specific growth rate (i) increased, indicating a trade-off
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at the cellular level, the net toxin production rate (RMC), derived from the Long model,
increased with growth due to biomass accumulation.

These findings suggest that microcystin production is not a passive consequence
of cell proliferation but a regulated physiological trait with potentially adaptive value.
One possible interpretation is that microcystins serve a protective or competitive function
under suboptimal thermal conditions or nutrient imbalance, enhancing survival in stressful
environments. Conversely, the association between rapid growth and increased total toxin
output highlights the role of active cellular metabolism in supporting toxin synthesis,
particularly when phosphorus is available.

Such dual regulation underscores the complexity of cyanobacterial responses to en-
vironmental change. From an ecological perspective, it implies that M. aeruginosa may
shift its growth—toxicity strategy depending on the context, with possible consequences
for competition, bloom persistence, and ecosystem impacts. In light of ongoing climate
change, these adaptive patterns may influence strain distribution, bloom dynamics, and
risk scenarios in freshwater systems. Therefore, predictive models should integrate both
physiological traits and environmental drivers to better anticipate the severity and toxicity
of cyanobacterial blooms.
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