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Summary

Cyanobacteria are seemingly ubiquitous in 
nature, being found in hot springs, fresh 
and saline surface water bodies, both as 
a liquid or as ice, as well as soil and rock. 
The composition and abundance of com-
ponent species in a particular ecosystem 
can be very dynamic in response to nutri-
ent availability and weather. In fresh water 
systems used for drinking or aquaculture, 
cyanobacterial blooms can be problemat-
ic due to the release of toxins or off-flavor 
metabolites. One very rich environment for 
the study of cyanobacterial communities 
is aquaculture ponds in the southeastern 
United States. Aquaculture farms are com-
prised of multiple ponds that are arranged 
in close proximity, but usually have differ-
ent populations of cyanobacteria. In an ef-
fort to begin to understand the dynamics of 
cyanobacterial population fluxes, we exam-
ined the composition of the community in 
twenty ponds on a commercial aquaculture 
farm in southern Louisiana using denatur-
ing gradient gel electrophoresis (DGGE) 
during weekly sampling over approximately 
a 8 month period. We found that Microcys-
tis sp. predominated, but several innocuous 
and other harmful species were present at 
varying times during the study.

Introduction

Cyanobacteria can be found in nearly all en-
vironments and via photosynthesis are key 
producers of atmospheric oxygen. In bodies 
of water blooms of cyanobacteria are com-
mon when weather and nutrient conditions 
are favorable. Closed aquaculture systems 
provide a useful environment to examine 
the succession of cyanobacteria over time. 
The high-density stocking practices of cat-
fish farmers in the southern United States 
and the commensurate high feed levels of-
ten result in cyanobacterial blooms. Since 
these organisms are photosynthetic they 
produce oxygen which aids in fish growth 
and health. Unfortunately, certain species 
of cyanobacteria synthesize the off-flavor 
compounds geosmin and 2-methylisobor-
neol (Persson, 1980; Smith et al., 2008; 
Tucker, 2000; Young et al., 1996; Zimba and 
Grimm, 2003) and/or cyanotoxins (Lefaive 
and Ten-hage, 2007; Smith et al., 2008). In 
the work presented here, we sought to ex-
amine the cyanobacterial composition in 
ponds on a commercial catfish farm over 
time in an effort to begin to understand the 
dynamics of that complex community.

It is obvious that the phytoplankton in farm 
ponds can vary dramatically. In Figure 1a 
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are shown aerial photographs of the farm 
we studied over time showing differential 
blooms. For the current work, denaturing 
gradient gel electrophoresis (DGGE), a mo-
lecular technique commonly used in quali-
tative ecological studies of cyanobacteria 
(Boutte et al., 2006; Ferris et al., 1996; Geiß 
et al., 2004; Janse et al., 2003; Muyzer et 
al., 1994; Saker et al., 2009), was applied to 
the cyanobacteria pond communities which 
allows the objective analysis of a very large 
number of samples.

Materials and Methods

Organisms used in this study, cul-
ture conditions and DNA isolation 

Unialgal cultures were used to develop the 
DGGE reference library (Table 1). All strains 
were cultured in modified BG-11 medium 
with silica (Zimba et al., 2001a) with a 12 
hour light/dark cycle. Approximately 35 
μmol m2 s-1 of light were provided by cool-
white fluorescent lighting. Exponentially-
growing cells were harvested by centrifuga-
tion at 10,000 x g, 10 minutes, 4 °C. 200 mg 
of wet weight cell paste were lysed in a Fast-
Prep FP120 (Invitrogen, Carlsbad, CA), set-
ting #4, 10 seconds using the FastDNA prep 
tubes with both garnet and pellet present. 
The lysates were cleared by centrifugation. 
DNA was isolated from the lysates using the 
FastDNA kit according to the manufactur-
er’s instructions (Invitrogen, Carlsbad, CA). 
The concentration of DNA was determined 
by absorbance at 260 nm.

Field samples 

Three research ponds at the Louisiana State 
University’s Aquaculture Center in Baton 
Rouge, LA, and several commercial ponds 
at Limco, Inc in Crowley, LA (U.S.) were 
also tested. The Limco farm consists of 36 
ponds (Figure 1). Twenty of these ponds 
were sampled between 10:00 and 12:00 

weekly from October 2002 to May 2003. 
The stars in Figure 1b indicate the position 
of a small dock where all samples were col-
lected. An integrated sampler (5 cm x 100 
cm) was used to collect 2 L of pond water. 
The samples were stored on ice overnight 
prior to further processing. Cells were har-
vested from the samples by centrifugation 
at 10,000 x g, 10 minutes, 4 °C.

Denaturing gradient gel electropho-
resis

Primers CYA359F and equimolar CYA781R 
(a and b) were used for PCR (Nubel et al., 
1997). These primers are specific for the 16S 
rRNA gene of cyanobacteria and the plas-
tids of some eukaryotic phytoplankton. The 

Figure 1-a:  Satellite images of Limco, Inc. from 
Google Earth.  The date of the image collection is 
indicated.
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final concentrations of the reagents in the 
PCR amplifications were: 2 pM genomic 
DNA, 0.5 μM each primer, 200 μM dNTPs, 
2.5 U Taq polymerase, 10 mM Tris-Cl pH - 
9.0, 50 mM KCl, 0.01 % Triton X-100, and 
1.5 mM MgCl2. The thermocycler (Delta 
Cycler I, Ericomp, San Diego, CA) was pro-
grammed as follows: 5 minutes at 95 °C, 11 
cycles of annealing for 30 seconds, 60 sec-
ond extension at 72 °C, 30 second denatur-
ation at 94 oC. The initial annealing tem-
perature was 66 °C and was reduced by 1 
degree per cycle, to a final of temperature of 
56 °C. That was followed by 20 cycles of 30 
seconds at 94 °C, 30 seconds at 56 °C and 
60 seconds at 72 °C. There was a final 10 
minute extension at 72 °C. The amplifica-
tion reactants were extracted twice with wa-
ter saturated chloroform and precipitated 
with ethanol. Electrophoresis was carried 
out in a Protean II (BioRad, Hercules, CA) 
apparatus attached to a recirculating heater 
using 10 uL sample size per lane. The appa-
ratus was half submerged in a water bath to 
aid in temperature control. The gels were 18 
cm x 16 cm x 1 mm. A linear gradient of 35 
% to 60 % denaturant, where 100 % dena-

turant is 7 M urea and 40 % formamide was 
used. The gel was 37.5:1 acrylamide:bis, 
6.5% total acrylamide, 1X TAE. Gels were 
run for 1200 volt-hours, usually 70 volts for 
17 hours, at 60 °C. Following ethidium bro-
mide staining, the banding patterns were 
analyzed using Image One (BioRad).

Cloning of 16S rRNA genes and novel 
bands in DGGE

PCR products were purified from agarose 
gels with the Qiaex II system (Qiagen, Va-
lencia, CA). In addition, some complex 
samples from catfish ponds contained some 
novel bands in DGGE. Gel slices containing 
these bands were soaked overnight in 2 vol-
umes of TEN (10 mM Tris-Cl, pH 7.5, 1 mM 
EDTA, 0.3 M sodium acetate) followed by 
ethanol precipitation. The DNA fragments 
excised from DGGE gels were cloned into 
the pCR2.1-TOPO vector using the TOPO 
TA cloning system (Invitrogen, Carlsbad, 
CA) according to the manufacturer’s in-
structions. Sequencing services were pro-
vided by the Sequencing Core Facility at 
the University of Arkansas for Medical Sci-
ences. All sequence analysis was performed 
using GCG software package (Devereux et 
al., 1984).

Results and Discussion

DGGE Analysis

Each organism in our culture collection was 
subjected to DGGE analysis (a representa-
tive subset is shown in Figure 2). As can be 
seen in the figure, most organisms had a 
characteristic migration in these gels that is 
due to both the overall GC content, as well 
as local nucleotide composition. Anabaena 
circinalis and Oscillatoria splendida both 
migrated the same distance, as did Raph-
idiopsis brookii and Anabaena varibilis. 
The latter two species do not produce toxins 
or off-flavor metabolites. O. splendida does 

Figure 1-b: Schematic of the ponds at Limco cat-
fish farm. All ponds are numbered. The numbers in 
bold font denote ponds used in this study. The stars 
indicate the position where samples were removed 
from the ponds.
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produce geosmin. In certain cases, there 
were multiple bands arising from a single 
species. These were cloned and sequenced 
revealing that some species generate mul-
tiple bands in this assay, even though the 
sequences were the same.

This phenomenon has been previously re-
ported (Ferris et al., 1996). Since there 
were no co-migrating bands from different 
species, this anomaly was not considered 
problematic. We also observed the same 
phenomena in field samples. It would be im-
possible to develop standards for all species, 
therefore, we scaled migration as a percent-
age of the furthest migrating bands of Oscil-
latoria cf. chalybea, which was set at 100%. 
The relative migration (Rf) of each species 
was calculated and is presented in Table 1. 
It should also be noted that although identi-
cal amounts of template DNA were used in 
the PCR reactions, varying amounts of PCR 
products resulted. Therefore, detection of a 
species in a complex mixture will not neces-
sarily reflect its abundance.

Analysis of complex field samples

To test the feasibility of a large field study, 
samples from research ponds at the LSU 
Aquaculture Center in Baton Rouge, LA 
were examined. The samples were pro-
cessed as described for the laboratory 
cultures and subjected to DGGE analysis 
(Figure 3). To enable more accurate iden-
tification of the band in the field samples, 
we combined DGGE samples from some of 
the cultured samples to create two sets of 
standards. In the standard S1, Cyclotella, 
Pseudanabaena sp., Anabaena variabilis, 
Aphanizomenon sp. and Microcystis TM45 
were used. The three centrally migrating 
species in standard S1 have been reported to 
be commonly found in catfish ponds (Zim-
ba et al., 2001b). Lanes 1 - 3 were from LSU 
ponds T11, T13 and A5, respectively. The 
bands were excised, cloned and sequenced. 

Figure 2:  Representative DGGE analysis of labo-
ratory strains.  10 μL of the PCR reaction was re-
solved on a 35% - 60% denaturant gel followed by 
staining with ethidium bromide.

In Figure 3, lanes 1 and 2 have a band cor-
responding to Cyclotella sp., but none of the 
other bands align with the standards. The 
Rf values for each band was determined and 
compared to our reference table (Table 1). In 
the initial experiments, we could not iden-
tify the bands with slower migration than 
Cyclotella sp. or the band in the Anabaena 
variabilis area of the gel (indicated with 
black arrows in Figure 3). The upper bands 
from the samples in lanes 1 and 3 both had 
identical sequences. Blast searches revealed 
97% identity with several diatom species. As 
such it was designated as Cyclotella sp2. It 
should be noted that the lack of a band does 
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not indicate the lack of diatoms or eukary-
otic algae. The lower band from lanes 1 and 
2 (indicated with an arrow) was found to be 
Anabaena circinalis. The Rf values for these 
organisms were then added to our database, 
increasing our ability to identify the various 
species present in field samples.

Determination of cyanobacteria and 
diatoms at a commercial catfish farm

Samples were collected weekly from the com-
mercial production ponds at Limco, Inc. in 
Crowley, LA and diatom and cyanobacteria 
seasonality was examined. A map of the farm 
is shown in Figure 1b. Representative data are 
shown in Figure 4. In standard S2 Cyclotella, 
Pseudanabaena sp., Oscillatoria geminata and 
Microcystis aeruginosa were used. Lanes 1 - 7 
show samples from ponds 1, 3, 5, 7, 11 and 32, 
respectively. Whereas most of the bands corre-
sponded to migrations in Table 1, representatives 

were excised, cloned, sequenced and identified 
by database searches for confirmation. Lanes 1 
and 2 contained barely detectable amounts of 
Phormidium sp. and Aphanizomenon sp. Lanes 
3 and 5 had high levels of Phomidium sp. and 
lower levels of Cyclotella sp. Lane 5 also con-
tained Microcystis sp. Lane 4 showed a mod-
erate level of Oscillatoria cf. chalybea and a 
lower level of Phormidium sp. Lane 6 complex. 
The bands corresponded to Aphanizomenon sp., 
Anabaena circinalis and Anabaena variabilis. 
Lane 7 had Microcystis sp. and a low level of 
Phormidium sp. The contiguous samples that 
were analyzed are summarized in Figure 5. It is 
clear that no two ponds had the same comple-
ment of organisms. Microcystis species (aeru-
ginosa and TM45) were the dominant species in 
nearly all ponds. Geosmin- and MIB-producing 
cyanobacteria were detected in all ponds, how-
ever, not at all times. The data presented in Hurl-
burt et al. (2009) show that most of the ponds 
had detectable levels of both geosmin and MIB 

Species Class Metabolite Origina Rf

Anabaena variabilis Kützing Cyanobacterium - MS 65
Anabaena circinalis Rabenhorst Cyanobacterium - LAb 67
Pseudanabaena sp. Cyanobacterium 2-MIB CA 58
Cyclotella sp. Diatom - Loras 14
Oscillatoria geminata Menegh Cyanobacterium Geosmin MS 64
Oscillatoria cf. chalybea Cyanobacterium 2-MIB MS 100
Oscillatoria princeps Vacher	 Cyanobacterium Geosmin MS 67

Oscillatoria splendida Greville Cyanobacterium Geosmin AZ 64
Raphidiopsis brookii Hill Cyanobacterium - MS 65
Aphanizomenon sp. Cyanobacterium - MS 70
Microcystis aeruginosa Kützing Cyanobacterium Toxin MS 84
Microcystis TM45 Cyanobacterium Toxin MS 98
Phormidium sp. Cyanobacterium Geosmin AZ 62
Phormidium ambigua Gomont Cyanobacterium - MS 62
Phormidium sp. Cyanobacterium Geosmin LA 62
Cyclotella sp2.	 Diatom	 - LAb 12

a  MS = Mississippi, LA = Louisiana, CA = California, AZ = Arizona, Loras = Loras Culture Collection
b  These strains are not in culture, but the values presented were taken from the gel shown in Figure 2. 
The identity of the organism was based on database searches using the sequence of the cloned bands as 
described in Materials and Methods.

Table 1: Reference organisms used in this study.  Known  problematic metabolites produced by these 
strains are  listed.  The Rf  values for the PCR product in DGGE are listed.
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Figure 4:  Representative DGGE analysis of com-
mercial production ponds at Limco, Inc. 10 μL of 
the PCR reaction was resolved on a 35% - 60% de-
naturant gel followed by staining with ethidium 
bromide.  The species used in standard S2 are indi-
cated on the left.  Lanes 1 - 7 were from ponds 1, 3, 5, 
7, 11 and 32, respectively.

Figure 3: Representative DGGE analysis of catfish 
pond samples from LSU Aquaculture Center. 10 μL 
of the PCR reaction was resolved on a 35% - 60% 
denaturant gel followed by staining with ethidium 
bromide.  PCR products of the species used for stan-
dards were pooled and are indicated on the left, S1.  
Lanes 1 - 3 were samples taken from research ponds 
T11, T13 and A5 at LSU, respectively.  The black ar-
rows indicate DGGE bands that did not correlate 
with our database of standards.

Figure 5: Compilation of DGGE data for entire 
sampling period at Limco Farm, Crowley, LA.   Pond 
number, size and age are indicated.  Horizontal 
lines indicate the presence of particular organisms.  
TM=Microcystis TM45, Ma=Microcystis aerugino-
sa, Ph=Phormidium sp., Rb=Rhaphidiopsis brookii, 
Og=Oscillatoria geminata, Oc=Oscillatoria cha-
lybea, Os=Oscillatoria splendida,Op=Oscillatoria 
princeps, Ps=Pseudanabaena sp, C=Cyclotella sp., 
Pa=Phormidium ambigua, Av=Anabaena variabilis.
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on off-flavor episodes at a Louisiana (USA) commercial 
catfish farm. Aqua Res 40: 566 - 574.
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resolution differentiation of cyanobacteria by using 
rRNA-internal transcribed spacer denaturing gradient gel 
electrophoresis. Appl Environ Micro 69: 6634 - 6643.

Leflaive J, Ten-Hage L (2007) Algal and cyanobacterial 
secondary metabolites in freshwaters: a comparison of 
allelopathic compounds and toxins. Freshwater Biol. 52, 
199 – 214.

Muyzer G, DeWaal EC, Uitterlinden AG (1994) Profiling 
of complex microbial populations by denaturing gradient 
gel electrophoresis analysis of polymerase chain reaction-
amplified genes coding for 16S rRNA. Appl Environ Mi-
cro 59: 695 - 700.

Nübel U, Garcia-Pichel F, Muyzer G (1997) PCR prim-
ers to amplify 16s rRNA genes from cyanobacteria. Appl 
Environ Micro 63: 3327 - 3332.

Persson P (1980) On the odor of 2-methylisoborneol. Wa-
ter Res 14: 1113 - 1118.

Saker M, Moreira C, Martins J, Neilan B and Vasconcelos 
VM (2009) DNA profiling of complex baterial popula-
tions: toxic cyanobacterial blooms. Appl Micro Biotech 
85:237 - 252.

Smith JL, Boyer GL, Zimba PV (2008) A review of cya-
nobacterial odorous and bioactive metabolites: impacts 
and management alternatives in aquaculture. Aquaculture 
280: 5 - 20.

all the time. The presence of these metabolites 
and the absence of detectable producer species 
could arise for several reasons including: re-
sidual off-flavor from previous blooms, release 
of off-flavor into the water from tainted fish or 
from producing actinomycetes. It is interesting 
to note that no fish kills occurred in the ponds 
examined, although there was one in pond 35. 
The water from pond 35 was tested after the kill 
and a high concentration of Microcystis aeru-
ginosa was found. The presence of microcystin 
was not tested. 

Microcystis was the dominant genera through-
out the 8 month sampling period. This taxon 
occurred in over 80% of all samples collected, 
and was present in most ponds during the en-
tire study period. We found that even though the 
ponds are in close proximity to each other, no 
two ponds had the same patterns of detectable 
organisms.
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Discussion with Reviewers

Anonymous Reviewer: What is the mechanism 
for cyanobavterial distribution or dispersal be-
tween ponds?

B.K. Hurlburt, S.S. Brashear and P.V. Zimba: Al-
gal dispersal is possible through several mech-
anisms: airborne transport of cells, through 
wave overtopping levee banks, as well as animal 
vectors such as birds and raccoons  (Brown et 
al. 1971, Schlinting  1971).  Ponds are typically  
built about three meters apart, affording both 
physical and biological mediated movement of 
algae cells between ponds. Cloud borne algae 
have been identified, suggesting rain events 
may be a dispersion mechanism.

Reviewer: Can you speculate on the basis for 
population change from toxic to non-toxic gen-
otypes?

Hurlburt, Brashear, Zimba: Production of sec-
ondary metabolites such as microcystin is ener-
getically expensive.  The cyanobacterial second-
ary metabolite 2-methylisoborneol can account 

for up to 33% of the carbon fixed in one cyano-
bacteria (Zimba et al. 1999, figure 5).  Microcys-
tin toxins are amino acid containing polypep-
tides of ~1000 amu.  It has approximately a C:N 
content of 5 to 1, demonstrating a significant 
energy outlay to synthesize this molecule.

Reviewer: What is the evolutionary or adaptive 
advantage (or cost) to cyanobacteria by produc-
ing microcystin (this would also be a synopis of 
current theories)?

Hurlburt, Brashear, Zimba: Microcystins are 
complex molecules requiring 10 genes for as-
sembly (Nonneman and Zimba 2002). The 
adaptive benefits of toxin production would 
include the killing of other organisms, thereby 
releasing nutrients to sustain late exponential 
growth. Greatest toxin production occurs in late 
exponential phase when cultures are stressed by 
low nutrient availability or light. Reduction of 
grazers, including zooplankton and fish, would 
increase the potential for cells to survive in veg-
etative or resting stages on the sediment surface 
(Chorus 2001).

Reviewer: Can you describe the pros and cons of 
the method that was used in this study? Could 
you also identify alternative and more current 
methods that could be used in similar studies 
in the future?

Hurlburt, Brashear, Zimba: Even though the 
DGGE technique applied in this study has been 
used for more than a decade, it is still being 
used for studies such as this.  As suggested by 
one of the reviewers, a newer technology (clone 
libraries coupled with high throughput se-
quence analysis) could be used instead. One of 
the drawbacks of DGGE is that there could be 
co-migrating bands from different species. That 
problem presumably not be one for sequence 
analysis.
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