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In the laboratory, we documented large variation in the morphology, toxicity, and maximum population
growth rates for 32 Microcystis aeruginosa strains isolated from 12 lakes. Growth rates and mean colony sizes
varied significantly across strains and were positively correlated. However, growth rates were unrelated to toxin
production.

Microcystis aeruginosa is an ubiquitous cyanobacterium that
causes ecological and economic damage to freshwater ecosys-
tems when it is abundant (2, 17, 21). Recent studies have
highlighted significant genetic variation within and across Mi-
crocystis populations in nature (6, 20, 23). However, many
laboratory-based physiological studies focus on only one or a
few congeneric or conspecific cyanobacterial strains (9, 12),
and this limits our understanding of the role that genetic or
physiological variation among strains may play in determining
growth, and potentially bloom formation, of Microcystis (14,
19). These types of laboratory studies have, however, docu-
mented considerable variation in physiological responses to
temperature, light, salinity, and macronutrient manipulations
(7, 10, 16).

To extend our current knowledge regarding the amount of
physiological and morphological variation that exists across a
large suite of conspecific Microcystis aeruginosa strains, we used
a well-controlled laboratory experiment to measure morpho-
logical characteristics and maximum population growth rates
of 32 axenic, genetically distinct strains isolated from 12 lakes
in the lower peninsula of Michigan (23). The experiment was
conducted under axenic conditions at 25°C under saturating
light (250 �mol photons m�2 s�1 at an 18 h-6 h light-dark
cycle) and nutrient (2,000 �M NaNO3, 180 �M K2HPO4; mod-
ified BG-11 medium [18]) conditions; at no point in the study
were contaminating bacteria microscopically observed in the
samples. Following a 5-week acclimation period to the exper-
imental conditions, stock culture concentrations were deter-
mined with a Coulter Counter and approximately 1 � 103 �m3

biovolume ml�1 of each axenic clone was inoculated into rep-
licate (n � 4 to 12 replicates clone�1) 250-ml flasks containing
150 ml of sterile medium. Mean particle biovolumes were
similar (P � 0.755) across all clones on day 0. Flasks were hand
stirred and rotated twice daily to homogenize light intensities.

Five-milliliter samples were collected on days 0, 2, 5, 7, and

9 and preserved in 1% Lugol’s solution for cell, colony, and
total biovolume measurements. All samples were gently agi-
tated with a Vortex mixer to resuspend particles prior to sam-
pling. This procedure did not affect colony size measurements,
because our Microcystis colonies were not disrupted by Vortex
mixing as applied in this study. After mixing, biovolume esti-
mates were determined for two subsamples from each replicate
by using a Coulter Counter. These estimates were averaged,
and growth rates (� [day�1]) for each Microcystis clone repli-
cate were determined using the equation (ln Bt1 � Bt0)/time,
where Bt0 and Btl are initial and later biovolume estimates,
respectively. Doubling times (days) were calculated as ln(2)/�,
as has proved useful in previous studies (15). Cell diameters
and colony surface areas (equal to combined areas after mea-
suring the two longest dimensions for all colonial lobes) were
measured with a compound microscope (at magnifications of
�1,000 and �400, respectively) for all preserved samples col-
lected on day 9 at the end of the experiment. The microcystin
concentration (ng toxin [�g dry biomass]�1) for each strain was
determined via an enzyme-linked immunosorbent assay (de-
tection limit for extract, 0.07 �g liter�1 [1]). Analysis of vari-
ance evaluated differences among the strains and lakes. Pear-
son’s correlation coefficient determined how well growth rates
related to physiological features of the strains. Data were log
transformed to reduce heteroscedasticity and standardize vari-
ance, when needed.

We documented significant variation in the maximum pop-
ulation growth rate and in the morphological characteristics of
32 Microcystis strains (Fig. 1). Maximum growth rates differed
significantly among genotypes (Fig. 1A) (P � 0.001) but not
among lakes (Table 1) (P � 0.148) and ranged from 0.13 to
0.46 day�1 (Fig. 1A) (doubling time, 5.2 to 1.5 days, respec-
tively), with an average growth rate across all strains of 0.27
day�1 (Fig. 1A) (doubling time, 2.8 days). The growth rates of
Microcystis observed in this study were similar to, but tended to
be a bit lower than, rates observed in previous studies (range,
0.05 to 1.11 day�1) (4, 8, 14). However, many of the past
studies incorporated single-celled strains. In our study, growth
rates were similar (P � 0.944) for single-celled (0.27 � 0.02
day�1 [mean � standard error; n � 13]) and colonial (0.27 �
0.02 day�1 [mean � standard error; n � 19]) strains, suggest-
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FIG. 1. Growth and physiological variation of 32 Microcystis aeruginosa strains from 12 Michigan lakes. (A) Maximum population growth rates for 32 M.
aeruginosa strains. (B) Colony surface areas for the 19 of 32 M. aeruginosa clones that formed colonies throughout the experiment. The results in panel B exclude
one outlier (studentized residual � �3.5; including outlier, P � 0.070). (C) Relationship between maximum population growth and colony surface area. Filled
circles, toxic strains of M. aeruginosa (strains that contain the toxin gene [mcyA] and/or have been shown to produce microcystins). Empty squares, nontoxic strains
of M. aeruginosa that lack the mcyA gene and do not produce microcystins. Error bars, � 1 standard error; n, number of strains included in analysis.
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ing that colony formation was not costly in terms of growth rate
over 9 days.

Cell diameters (P � 0.001) and colony surface areas (Fig.
1B) (P � 0.005) also differed across the distinct Microcystis
strains. Colony surface areas differed among lakes (Table 1)
(P � 0.013), while cell diameters did not (Table 1) (P � 0.574).
Interestingly, there was a significant positive correlation be-
tween maximum population growth rate and average colony
surface area for the colonial strains of Microcystis (Fig. 1C)
(P � 0.013; Pearson’s r � 0.557). This finding is counterintui-
tive given that nutrient transfer efficiency predicts that smaller
colonies should grow more rapidly than larger colonies due to
their greater surface-to-volume ratios (3, 13). Also, larger col-
onies should suffer more from self-shading than smaller colo-
nies, potentially lowering biomass-specific growth rates in large
forms. Our results suggest that there is no growth rate cost for
colony formation and growth over the 9-day duration of this
experiment; however, other ecological consequences could oc-
cur as a result of colony size. For example, large cyanobacterial
morphologies could be too large for some grazers to handle
and ingest (22), or larger colonies may have better migratory
capabilities, enabling them to outcompete smaller phytoplank-
ters for light (13).

Microcystin concentrations across all clones ranged from
below the detection limit to 0.98 ng (�g dry mass)�1 and
averaged 0.24 ng (�g dry mass)�1. There was a nearly signifi-
cant (P � 0.054) variance in microcystin concentrations for
toxic Microcystis strains from different populations (Table 1).
Additionally, there was no correlation of toxin content with
growth rate for toxic strains (P � 0.945; Pearson’s r � �0.013),
suggesting no tradeoff of growth rate with increased toxin pro-
duction for Microcystis.

Large genetically based trait variation within species could
influence competitive and trophic interactions by introducing
variance in how a species interacts with its consumers and
competitors. Thus, future theoretical and empirical studies
might consider extending our observations to evaluate the eco-
logical and evolutionary consequences of intraspecific varia-
tion of harmful bloom-forming cyanobacteria on community

and ecosystem dynamics. Such variation may help explain the
dominance of cyanobacteria over other phytoplankters in some
situations (5, 11).
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19. Vézie, C., J. Rapala, J. Vaitomaa, J. Seitsonen, and K. Sivonen. 2002. Effect

of nitrogen and phosphorus on growth of toxic and nontoxic Microcystis
strains and on intracellular microcystin concentrations. Microb. Ecol. 43:
443–454.

20. Via-Ordorika, L., J. Fastner, R. Kurmayer, M. Hisbergues, E. Dittmann, J.
Komarek, M. Erhard, and I. Chorus. 2004. Distribution of microcystin-
producing and non-microcystin-producing Microcystis sp. in European fresh-
water bodies: detection of microcystins and microcystin genes in individual
colonies. Syst. Appl. Microbiol. 27:592–602.

21. Watanabe, M. F., K.-I. Harada, W. W. Carmichael, and H. Fujiki. 1996.
Toxic Microcystis. CRC Press, Boca Raton, Fla.

22. Webster, K. E., and R. H. Peters. 1978. Some size-dependent inhibitions of
larger cladoceran filterers in filamentous suspensions. Limnol. Oceanogr.
23:1238–1245.

23. Wilson, A. E., O. Sarnelle, B. A. Neilan, T. P. Salmon, M. M. Gehringer, and
M. E. Hay. 2005. Genetic variation of the bloom-forming cyanobacterium
Microcystis aeruginosa within and among lakes: implications for harmful algal
blooms. Appl. Environ. Microbiol. 71:6126–6133.

VOL. 72, 2006 MICROCYSTIS GROWTH AND MORPHOLOGICAL VARIATION 7389


