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Abstract

The pulp and paper industry largely depends on the
biodegradation activities of heterotrophic bacteria to
remove organic contaminants in wastewater prior to
discharge. Our recent discovery of extensive cyanobacte-
rial communities in pulp and paper waste treatment
systems led us to investigate the potential impacts of
cyanobacterial exudates on growth and biodegradation
efficiency of three bacterial heterotrophs. Each of the
three assessed bacteria represented different taxa com-
monly found in pulp and paper waste treatment systems:
a fluorescent Pseudomonad, an Ancylobacter aquaticus
strain, and a Ralstonia eutropha strain. They were capable
of utilizing phenol, dichloroacetate (DCA), or 2,4-
dichlorophenoxyacetic acid (2,4-D), respectively. Exudates
from all 12 cyanobacterial strains studied supported the
growth of each bacterial strain to varying degrees.
Maximum biomass of two bacterial strains positively
correlated with the total organic carbon content of
exudate treatments. The combined availability of exudate
and a known growth substrate (i.e., phenol, DCA, or
2,4-D) generally had a synergistic affect on the growth of
the Ancylobacter strain, whereas mixed effects were seen
on the other two strains. Exudates from four represen-
tative cyanobacterial strains were assessed for their
impacts on phenol and DCA biodegradation by the
Pseudomonas and Ancylobacter strains, respectively. Exu-
dates from three of the four cyanobacterial taxa repressed
phenol biodegradation, but enhanced DCA biodegrada-
tion. These dissimilar impacts of cyanobacterial exudates
on bacterial degradation of contaminants suggest a
species-specific association, as well as a significant role
for cyanobacteria during the biological treatment of
wastewaters.

Correspondence to: A.E. Kirkwood; E-mail: akirkwoo@ucalgary.ca

Introduction

The cyanobacteria are a cosmopolitan group of photo-
synthetic prokaryotes that play an important role in
aquatic microbial communities. Similar to eukaryotic
algae and other microorganisms, cyanobacteria release a
variety of organic molecules such as organic acids,
polypeptides, and polysaccharides [2, 13, 25]. The
exudates of cyanobacteria can stimulate or inhibit other
members of the microbial community, including hetero-
trophic bacteria [3, 9, 20, 24, 26]. Antimicrobial com-
pounds found in cyanobacterial exudates include
polyphenols, fatty acids, glycolipids, terpenoids, alka-
loids, and a variety of yet to be described bacteriocins
[4]. In a few studies, the authors suggest that the release
of antimicrobials has a major affect on the community
structure of heterotrophic bacteria [6, 27]. Other studies
have found a significant coupling of cyanobacterial
primary production and bacterial secondary production,
particularly during the development and cessation of
blooms [8, 16, 28]. According to the authors, the
cyanobacterial exudates represented a striking proportion
of bacterial organic carbon supply.

Although much is now known about cyanobacterial
exudates and their impacts on natural aquatic microbial
communities, little is known about their potential
impacts on wastewater treatment performance. All
secondary wastewater treatment systems depend on the
biodegradative activities of heterotrophic bacteria. In
secondary waste treatment systems used by the pulp and
paper industry, high densities of heterotrophs are
maintained to remove biological oxygen demand
(BOD), suspended solids, and toxic organic compounds
such as resin acids and organochlorines prior to
discharge. Likely because of high toxicity levels, virtually
no photosynthetic eukaryotes exist in these systems.
However, we have recently shown that cyanobacteria
can thrive in these systems despite the presence of
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toxicants and low light conditions [17, 18]. In some
cases, cyanobacterial biomass can equal or exceed the
biomass of heterotrophic bacteria [17].

Given these findings, we hypothesized that cyano-
bacterial exudates would have direct impacts on the
metabolic/catabolic efficiency of bacterial degraders and
by extension, on the structure of these particular
bacterial communities. One of the objectives of this
study was to test the first part of this hypothesis by
assessing whether the exudates from 12 cyanobacterial
taxa from pulp and paper waste treatment systems could
affect the growth and the catabolic abilities of bacterial
degraders. Experiments were conducted to determine if
exudates could serve as bacterial growth substrates, as
well as influence contaminant utilization. In addition, we
examined the impact of exudates on the rates of phenol
and dichloroacetate (DCA) degradation (i.e., removal) by
pulp and paper bacteria.

Materials and Methods

Cyanobacterial strains were isolated from bleached kraft
pulp and paper mills where cyanobacterial community
composition and abundance has been previously docu-
mented [17]. All strains have been deposited at the
University of Toronto Culture Collection (UTCC),
Toronto, Ontario, Canada. Based on our previous
analyses [17], we have determined that most of the
isolated species are dominant members of the cyanobac-
terial communities found in pulp and paper wastewater
(Table 1). After a series of plating and subculturing, each
cyanobacterial strain was tested for its axenic status by
both streak plating onto R2A enriched agar plates, and
microscopic examination.

Cyanobacterial species were grown in sterile 500-mL
flasks with organic-free BG-11 medium [1] on light
banks (46.3 pmol m™s™) at 25°C until midstationary
phase (3—4 weeks). Modified BG-11 medium did not

contain citric acid, ferric ammonium citrate, and sodium
EDTA, but did include 3.15 mg L™ ferric chloride. To
reduce the risk of bacterial contamination of axenic
exudates, a rapid collection process using 10-min centri-
fugation (8000 xg; HN-S Centrifuge, International
Equipment Co., Needham Heights, MA USA) rather
than filtration of hundreds of milliliters of cyanobacterial
cultures was employed. To ensure that ample amounts of
inorganic nutrients were available for bacterial growth,
20-mL subsamples of exudate supernatant was enriched
with 50-pL aliquots of inorganic nutrients to produce
final concentrations equivalent to those found in the
original BG-11 medium [NaNOj; = 150 mg L', K,HPO, =
30 mg L', FeCl; = 3.15 mg L', H;BO; = 2.86 mg L'/,
MnCl, = 1.15 mg L', ZnSO4 = 0.12 mg L', NaMoO, =
o.%s mg L', CuSO, = 0.05 mg L', Co(NO3), = 0.03 mg
L.
The total organic carbon (TOC) of each exudate
treatment was measured by using a Model 1010 TOC
analyzer (OI Corporation, College Station, TX, USA) and
the standard persulfate oxidation/infrared detection
method. The molecular weight distribution of each
exudate treatment was estimated by size exclusion
chromatography using an aqueous ultrahydrogel linear
GPC column (7.8 x 300 mm, 6-13 pum particle size;
Waters Corp., Milford, MA, USA) with a flow rate of
0.4 mL min™' and a UV-V photodiode detector (230
280 nm). The mobile phase was Tris/hydrochloric acid
buffer (0.05 M, pH 7.6), amended with 0.1 M lithium
chloride and 5 mg L' PEG. A protein-based standard pack
(Sigma-Aldrich, St Louis, MA, USA) was used for molec-
ular weight calibration.

We used three heterotrophic bacterial species for this
study. A phenol degrader (Pseudomonas sp. P1) and a
dichloroacetic acid degrader (Ancylobacter aquaticus
CN13) were originally isolated from bleached kraft pulp
and paper waste treatment systems [14, 15]. A. aquaticus
(formerly Microcyclus sp.), in particular, is a common
inhabitant of pulp and paper wastewater communities

Table 1. Cyanobacteria used as exudate sources, their origin, and their relative abundance in the pulp and paper waste

treatment systems they were isolated from

Source Strain ID  Exudate no.  Origin Proportion in cyanobacterial community (% biomass)
Aphanothece floccosa PP20 20 Manitoba, Canada 35
Aphanocapsa rivularis PP19 19 New Zealand 30
Geitlerinema sp. PP8 8 New Zealand 5
Geitlerinema carotinosum PP9 9 New Zealand 5
Geitlerinema ionicum PP10 10 New Zealand 3
Geitlerinema pseudacusitissimum  PP11 11 New Zealand 2
Phormidium insigne PP7 7 Brazil 90
Phormidium animale PP1 1 Maine, USA 45
Phormidium autumnale PP2 2 Maine, USA 25
Phormidium rimosum PP3 3 Maine, USA 30
Pseudanabaena sp. PP16 16 Quebec, Canada 70
Tychonema bourrellyi PP17 17 New Zealand 30
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[29]. A third bacterial strain, Ralstonia eutropha (strain
JMP134), was previously isolated from soil and can
degrade 2,4-dichlorophenoxyacetic acid (2,4-D), 2,4-
dichlorophenol, and chlorobenzoate via a commonly
encountered pathway [10]. Cryopreserved bacterial iso-
lates were revived by streaking onto R2A™ agar plates
and incubated at 25°C. Individual colonies were trans-
ferred to 50 mL of organic-free BG-11 medium (pH 7.5)
with their specific contaminant substrate: 1 mM phenol
for P1, 2.5 mM dichloroacetate (DCA) for CN13, and
1 mM 2,4-D for JMP134. All bacterial cultures were
grown to stationary phase prior to use in the growth
assays.

Bacterial growth assays were performed by monitor-
ing culture turbidity in sterile 96-well (200 uL)
Nunclon™ microtitre plates. Treatments were designed
to assess the growth of the three bacterial species on
nutrient-amended exudates and their respective contam-
inant substrates. Treatment wells consisted of exudates,
exudates + substrate, and medium + substrate (positive
control). Negative controls consisted of exudate and
medium-only wells where bacteria were not inoculated.
After 150 pL of exudates and medium was pipetted into
their respective wells, 20 pL of each substrate (phenol,
DCA, and 2,4-D) was pipetted into their designated treat-
ment wells for a final concentration of 1 mM (2.5 mM for
DCA). Finally, 20 pL of each bacterial strain was
inoculated into their respective treatment wells (eight
replicates). The microplates were wrapped with parafilm
to minimize evaporation, but were not airtight. The plates
were shaken and incubated in the dark at 25°C for 7 days
to reflect the typical retention time of a waste treatment
system. Bacterial growth was measured by taking daily
optical density (OD) readings with a Bio-Rad Model 3550
UV microplate reader. All OD measurements were con-
verted to biomass values (cells mL™") using species-specific
standard curves.

To assess the effects of exudates on the bacterial
degradation of phenol and DCA, biodegradation rates
were measured in the presence and absence of exudates
of three cyanobacterial strains representing different
genera: Aphanocapsa, Pseudanabaena, and Phormidium.
A fourth species, Phormidium insigne, was added because
of its distinctive geosmin production (i.e., musty odour).
Phenol biodegradation studies monitored phenol bio-
degradation with and without exudate amendment.
Controls consisted of triplicate flasks containing 20 mL
inorganic BG-11 medium + 1 mM phenol. Treatments
were 20 mL triplicate flasks of nutrient-amended exudate
plus 1 mM phenol. Both were inoculated with 100 pL of
a Pl culture grown in phenol to stationary phase.
Cultures were incubated and agitated in the dark at 25°C.

For each sampling period, two 1-mL subsamples
were taken from each replicate for phenol and cell
density determination. Subsamples for phenol analysis

were centrifuged in microcentrifuge tubes at 13,000 x g
for 10 min (Micro Biofuge; Heraeus Instruments, USA).
The supernatants were transferred into 1-mL borosili-
cate autosampler vials, capped, and immediately frozen
at -20°C. For each experiment, all samples were thawed
at the same time and analyzed by high-pressure liquid
chromatography (Waters Corp.) with a 70:30 mixture of
analytical-grade acetonitrile/1% phosphoric acid run at
1 mL min™' using a NovaPak C18 reverse-phase column.
Bacterial growth in each treatment was measured by OD
using a Spectronic (Genesys 5) spectrophotometer
(Milton Roy, Rochester, NY, USA). All OD measure-
ments were converted to cells mL™ using a standard
curve for P1.

To account for a potential inorganic nutrient
imbalance between the controls and exudate treatments,
it was important to rule out inorganic nutrients as a
confounding variable in contaminant biodegradation.
Preliminary biodegradation studies compared phenol
biodegradation in standard medium and with 2x
inorganic nutrient addition. These treatments encom-
passed the minimum and maximum nutrient concen-
trations that would possibly be available to P1 in exudate
treatments. It was confirmed that inorganic nutrient
amendment to the exudate treatments would not be a
confounding variable as both phenol biodegradation and
bacterial growth did not significantly differ (ANOVA,
p > 0.1) between treatments.

DCA biodegradation studies with strain CN13
involved some modification to the above experimental
design. DCA biodegradation in 2x nutrient-enriched
BG-11 was significantly greater (ANOVA p < 0.05) than
in BG-11 alone. Therefore, the media controls in the
DCA biodegradation experiments were supplemented
with 2x inorganic nutrients to discount an inorganic
nutrient advantage in the exudate treatments. Changes to
the media included the replacement of ferric chloride
with ferric ammonium sulfate (6 mg L") to minimize
background chloride levels. Both mineral medium and
exudate treatments consisted of triplicate 2.5 mM DCA
solutions inoculated with 100 pL of stationary phase DCA
grown culture of CN13, for a final volume of 25 mL. All
DCA biodegradation experiments were incubated at 25°C
in the dark for 7 days.

DCA biodegradation was monitored via chloride
release. Chloride concentrations in 5-mL subsamples
were measured using an Accumet 1003 ion probe (Fisher
Scientific, Fair Lawn, NJ, USA). CN13 was found to have
a long lag phase (~4 days); thus initial chloride measure-
ments were taken on day 4. Final chloride measurements
were taken on day 7. CN13 tended to form small flocs
and settle in solution, hindering horizontal OD readings
in standard cuvettes. As an alternative, CN13 turbidities
were determined vertically in microplates with a micro-
plate reader (as described above).
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Table 2. Comparison of mean bacterial growth on cyanobacterial exudates and exudates + substrate

Exudate max. biomass
(%107 cells mI'?)

Exudate + substrate max. biomass

(x107 cells ml™) Growth efficiency

Exudate source strain Pl CN13 JMP134 Pl CN13 JMP134 Pl CN13 JMP134
A. floccosa 12.7 2.5 4.8 42.9 15.5 38.3 5 10.9 -1.3
P. animale 12.2 4.5 12.1 22.7 11.2 52.5 -14.7 4.6 5.6
P. insigne 14.7 5.1 10.7 40.4 12.3 40.4 0.5 5.1 -5.1
Pseudanabaena PP16 13.1 4.9 6.6 36.8 13.8 42.5 -1.5 6.8 1.1
A. rivularis 12.5 5.6 7.7 31.7 13.9 47.1 -6.0 6.2 4.6
Geitlerinema PP8 28.7 6.2 26.8 58.4 31.2 57.4 4.5 22.9 —4.2
G. carotinosum 21.6 8.3 16.4 47.6 20.2 47.0 0.8 9.8 —4.2
G. pseudacusitissimum 32.0 15.9 21.1 58.1 25.6 47.4 0.9 7.6 -8.5
G. ionicum 12.2 3.8 10.0 37.4 4.3 44.2 0 -1.6 -0.6
P. rimosum 8.0 8.3 8.2 35.6 20.3 36.0 2.4 9.9 -7
T. bourrellyi 17.3 24.2 37.5 23.9 22.2 61.8 -18.6 —4.1 -10.5
P. autumnale 28.2 4.3 27.5 53.5 9.5 54.8 0.1 3.1 -7.5

Mean biomass values on individual substrates were Pl penot = 25.2 x 107 cells mL™, CN13pcy = 2.1 x 107 cells mL™, and JMP134, 4 , = 34.8 x 107 cells
mL™". To determine if the combined availability of exudate and a given substrate had an additive affect on growth efficiency, actual exudate + substrate

biomass values were subtracted from the summed values of exudate-only + substrate-only biomass. Negative values reflect a less-than-additive effect,
positive values reflect growth that was greater than additive, and a zero value reflects additive growth.

Results

All 12 of the cyanobacterial strains produced exudates
that could support the growth of each of the three
bacterial strains. However, the mean maximum biomass
of each bacterium differed widely among exudate sources
(Table 2). When grown only on exudates, each bacterium
achieved average cell densities of 18 x 107 cells mL™"
(P1), 9.5 x 107 cells mL™" (CN13), and 16 x 107 cells
mL"' (JMP134). Much of the variability in maximum
biomass that CN13 and JMP134 reached on each exudate
could be explained by TOC (Table 3) (66% and 75%,
respectively) (Fig. 1). The regression of P1 maximum
biomass with TOC was not significant. Most notably,
growth of P1 on the exudates of Tychonema bourrellyi
(exudate 17) and Phormidium rimosum (exudate 3) was
unusually low, whereas growth on the exudate of P.
autumnale (exudate 2) was unusually high (Fig. 1).
Multiple regression analyses using TOC and average

Table 3. Total organic carbon (TOC) values for cyanobacterial
exudates and the average molecular weights (AMW) of UV-
absorbing compounds

Exudate source strain TOC (mg L AMW (Da) (x1000)
A. floccosa 11.8 12.5
P. animale 21.8 14.3
P. insigne 17.2 13.2
Pseudanabaena PP16 26.2 39.1
A. rivularis 23.2 26.6
Geitlerinema PP8 52.6 36.1
G. carotinosum 43.8 37.8
G. pseudacusitissimum 47.4 43.4
G. ionicum 34.2 36.0
P. rimosum 43.2 42.6
T. bourrellyi 74.4 44.2
P. autumnale 43.2 31.7

molecular weight (AMW) as model predictors of
bacterial biomass show that much of the variation in
CN13 and JMP134 cell densities could be mainly
explained by TOC (Table 4). P1 cell densities did not
significantly correlate with either TOC or AMW.

Cluster analyses based on the molecular weight
profile of the UV-absorbing compounds indicated that
most cyanobacterial exudates fell into two major groups
of greater than 80% dissimilarity (Fig. 2). Aphanothece
floccosa, Phormidium animale, and P. insigne gave
chromatograms that were <1% dissimilar, which suggests
that although they may be assigned to different species,
their metabolisms may be highly similar. The other
group was composed of all the Geitlerinema species, plus
P. rimosum, and T. bourrellyi. More loosely associated
with this group were A. rivularis and P. autumnale.
Pseudanabaena PP16 stood out as being significantly
dissimilar from all the others. There was no obvious
correspondence between molecular weight profiles and
growth parameters.

When exudate and the substrates phenol, DCA, or
2,4-D were available in combination, the affect on
growth efficiency was also variable among strains
(Table 2). Most notably, when phenol was available with
exudates from P. animale and T. bourrellyi, P1 biomass
values were not only less than additive, but less than
biomass values for growth on phenol alone. In contrast,
CN13 experienced a synergistic effect in most cases when
exudates and DCA were both available. JMP134 generally
had less than additive growth efficiencies when grown on
exudates with 2,4-D.

The results of P1 growth and phenol biodegradation
in media and in the presence of exudates of four
cyanobacteria are shown in Fig. 3. Exudates from
A. rivularis, P. animale, and P. insigne significantly
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Figure 1. Linear regression plots of

mean maximum biomass as a func-
tion of the total organic carbon
(TOC) of cyanobacterial exudates in
the medium. NS: not statistically
significant. Each number label rep-
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(repeated-measures ANOVA, p < 0.01) decreased phenol
biodegradation and P1 growth. In contrast, Pseudana-
baena PP16 had a positive affect on P1 and phenol
degradation. Repeated-measures ANOVA indicated that
the exudates of Pseudanabaena PP16 had a significantly
(p < 0.01) positive affect on P1 growth and phenol
biodegradation. Growth of CN13 and biodegradation of
DCA for each treatment are presented in Fig. 4. Cell
densities were all significantly (repeated-measures
ANOVA, p < 0.001) greater in exudate treatments than
in media controls. In the presence of exudates from
Pseudanabaena PP16, P. animale, and P. insigne, DCA
removed by day 7 was significantly (ANOVA, p < 0.001)
greater than in the controls. In contrast, the presence of
exudates from A. rivularis significantly (ANOVA,
p < 0.001) decreased DCA biodegradation when com-
pared to the medium control.

Discussion

The results from this study demonstrate the potential for
cyanobacterial exudates to affect the metabolism of
heterotrophic bacterial degraders, particularly in pulp
and paper waste treatment systems. Cyanobacterial
exudates would provide both an endogenous source of
growth substrates to bacteria, as well as influence the rate
of degradation of key aromatic and aliphatic contami-
nants. The differential response of the three bacterial
species to exudates indicates that, as in natural aquatic
systems, cyanobacteria have the potential to alter micro-
bial community structure in pulp and paper waste
treatment systems. Although we were not able to fully
characterize the compounds in the exudates of our 12
cyanobacterial strains, cluster analysis shows that in
terms of the molecular weight distribution of the UV

resents the individual exudate
number allocated to cyanobacterial

TOC (mg-LT) isolates in Table 1.

absorbing fraction (i.e., aromatic and quinone struc-
tures), there was sufficient variability between species to
allow them to separate into distinct groupings. In effect,
our results not only demonstrate that diverse communi-
ties of cyanobacteria would likely contribute variable
quantities of dissolved organic carbon to wastewater, but
also exudates of variable quality for bacterial utilization.
Moreover, these results also emphasize the importance of
not lumping cyanobacteria, a diverse group of photo-
synthetic microorganisms, into one functional category.

What the cyanobacterial exudates did have in
common was a relatively high AMW. As with other
dissolved organic compounds, the bioavailability of
exudates to bacteria would likely be related to the
molecular size of its constituents. The larger the organic
compound, the less available it would be for bacterial
uptake and utilization. Cyanobacterial exudates are com-
posed of numerous organic constituents that can either be
predominantly high molecular weight (HMW > 1000 Da)
[7, 23] or low molecular weight (LMW < 1000 Da) [12,
30]. The HMW substances detected in our analyses were
likely aromatic compounds (e.g., polyphenols) and
proteins. LMW compounds such as simple sugars would
not have been detected.

Based on literature reports on the fate of HMW
compounds in aquatic [7, 12] and pulp and paper waste
treatment systems [11, 19], the HMW fraction in
cyanobacterial exudates would not be expected to miner-
alize, but rather accumulate during biological treatment.
As two of our heterotrophic bacteria seemed to metabolize
exudate organic carbon independent of its molecular
weight, these earlier findings might be more a reflection
of the difference between the constituents of persistent
HMW material in these systems (e.g., lignin), relative to
those of cyanobacterial exudates (e.g., proteins).

Table 4. Summary statistics for multiple regression analyses using total organic carbon (TOC) and average molecular weight
(AMW) of UV-absorbing compounds as model predictors of maximum bacterial biomass

Bacterial strain Whole model r? Whole model p value TOC p value AMW p value
P1 0.24 0.27 0.24 0.77
CN13 0.69 0.005 0.007 0.34
JMP134 0.89 <0.0001 <0.0001 0.007
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Figure 2. Comparison of dissimilarities be-
tween the exudates of different cyanobacterial
taxa based on all UV-absorbing compounds.
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Dissimilarity Index

A number of studies have shown that cyanobacterial
exudates usually contain a host of sugars [2, 5, 7, 13, 25].
Nicolaus et al. [25] characterized the exopolysaccharides
of 16 filamentous cyanobacteria, detecting an abundance
of carbohydrates, such as glucose and galactose, which
were universally produced. The Phormidium sp. assessed
in their study was found to generate the most exopoly-
saccharide (30 mg LY, the majority (>80%) of which
was soluble. This is of particular relevance to our study as
Phormidium and its subgenus Geitlerinema are among
our test species and are typical members of cyanobacte-
rial communities in pulp and paper waste treatment
systems [17]. In addition to carbohydrates, other com-
pounds known to be present in cyanobacterial exudates
such as amino sugars, amino acids and other nitrogenous
organics [21, 22, 31] would be available.

When exudate and contaminant substrate were
provided together, bacterial growth responses were quite
variable among strains and exudate sources (Table 2).
When compared to the wastewater bacteria P1 and
CN13, the soil bacterium JMP134 generally had less than
additive growth on exudates and 2,4-D, which may
indicate some substrate competition or catabolite repres-
sion. Unlike the wastewater bacteria, the soil bacterium
JMP134 has been strongly selected for 2,4-D degradation,
rather than for utilization of mixed substrates. However,
not all exudates produced additive or greater than
additive growth of the wastewater bacterium P1. Exu-
dates from P. animale and T. bourrellyi clearly had an
inhibitory affect on P1 in the presence of phenol. In
contrast, CN13 greatly benefited from the presence of
most exudates when grown with DCA. This was likely
due to the readily metabolizable nature of the exudates,
as well as the presence of additional growth factors (i.e.,

0.7

The dendrogram displays the results of un-
weighted pair-group averaged Pearson r
analysis.

0.8 0.9

vitamins and cofactors) that ameliorated the catabolism
of DCA.

Consistent with the growth data, exudate from P.
animale also inhibited phenol biodegradation (Fig. 3).
This suggests a toxic rather than competitive effect from
this exudate on P1. In general, our biodegradation results
showed that phenol removal and P1 growth were
significantly lower in the presence of exudates from three
of the four exudate sources, but were slightly stimulated
by exudates from Pseudanabaena PP16. We suspect that
this contrasting effect of Pseudanabaena PP16 is related
to its unique exudate composition evident from the
analyses of UV-absorbing compounds (Fig. 2).

In contrast, DCA biodegradation by CN13 was more
efficient in three of the four exudate treatments tested
(Fig. 4). Apparently, CN13 was using both cyanobacterial
exudates and DCA for growth, and the increased DCA
removed may have occurred as a consequence of the
higher cell densities achieved by growth on exudates.
However, DCA biodegradation remained unchanged
from day 4 to day 7 in the presence of exudates from
A. rivularis, even though CN13 growth was significantly
greater on this exudate source compared to the medium
control. This shows that CN13 was preferentially utiliz-
ing exudates for growth at the expense of DCA
utilization, a scenario that would be undesirable during
waste treatment.

Contrary to some literature reports [6, 26, 27], the
cyanobacterial exudates assessed in our study do not com-
pletely inhibit bacterial growth, but rather can serve as
growth substrates and growth supplements. The lack of
complete growth inhibition by cyanobacterial exudates,
particularly to those bacteria isolated from waste treatment
systems, may simply be the result of bacterial selection by,
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Figure 3. Comparison of Pseudomonas P1 growth and phenol biodegradation over time in four cyanobacterial exudate treatments and
their respective media controls.
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Figure 4. Comparison of A. aquaticus CN13 growth over seven days and DCA biodegradation on day 4 and day 7 in four cyanobacterial
exudate treatments and their respective media controls.
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or adaptation to, exudates in pulp and paper wastewaters.
The influence of cyanobacterial exudates on bacterial
community composition has been documented in other
systems [6, 27], showing that dominant members of the
bacterial community could tolerate or benefit from
cyanobacterial exudates. The absence of other bacterial
taxa was found to be related to their intolerance to
exudates.

The production of exudates by cyanobacteria in pulp
and paper secondary waste treatment systems has
important implications for microbial community metab-
olism and structure. Our results suggest that exudates
present in wastewater would likely be metabolized to
varying degrees by the heterotrophic community. Those
bacteria that can utilize exudates as a growth substrate
would have an advantage over those bacteria that cannot,
particularly during cyanobacterial bloom events. This
could be a desirable occurrence in pulp and paper
secondary waste treatment systems, as the maintenance
of high bacterial densities is a primary objective.
However, the maintenance of high bacterial densities on
cyanobacterial exudates would also have to promote the
catabolism of organic contaminants for this to be an
effective waste treatment strategy. Based on our findings,
there were significant, yet variable impacts on biodegra-
dation efficiency by cyanobacterial exudates. Not only do
these impacts vary by exudate source, but also between
bacterial taxa. As such, final wastewater quality may be
dependent on the abundance and diversity of cyanobac-
teria in the wastewater community, and the proportion
of beneficial and/or antagonistic exudates that are
produced.
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