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Abstract Although the cyanobacterium Microcystis
is colonial during water blooms, isolated Microcystis
strains become unicellular in culture. Studies indicate
that heterotrophic bacteria can promote Microcystis
colonies in culture, but little is known about the
underlying mechanism or how widespread it is among
bacteria. This study investigated the identity and
colony-promoting effects of bacteria isolated from the
2014 Microcystis bloom in Lake Erie. Isolates were
classified by their 16S rRNA gene sequences. Toxic
and non-toxic cultures of M. aeruginosa were exposed
to exudates of bacterial isolates, and their morphology,
polysaccharide content, and reflectance spectra were
compared to those of M. aeruginosa control cultures.
Six isolates belonging to three genera enhanced the
frequency or size of M. aeruginosa colonies in cultures
where a dialysis barrier prevented direct contact
between heterotrophic cells and M. aeruginosa cells.
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Toxic and non-toxic M. aeruginosa strains differed in
how their morphology and optical properties
responded to treatment. This study demonstrates that
heterotrophic bacteria can promote colonial morphol-
ogy in Microcystis without making physical contact
with the Microcystis cells, as well as the first to
indicate that toxic and non-toxic strains of the same
morphospecies have different morphological and
optical responses.
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Introduction

Cyanobacterial harmful algal blooms (cyanoHABs)
pose a threat to water quality and ecosystem health
throughout the world (Paerl & Huisman, 2009; O’ Neil
et al., 2012; Paerl & Paul, 2012; Liirling et al., 2017).
One of the most widespread bloom-forming cyanobac-
teria is Microcystis aeruginosa, characterized by
large, buoyant colonies of cells embedded in extra-
cellular polysaccharides (EPS) (Reynolds et al., 1981;
Wu & Kong, 2009; Yamamoto et al., 2011; Xu et al.,
2013; Zhu et al., 2014). M. aeruginosa typically loses
colonial morphology when cultured, becoming pre-
dominantly unicellular (Bolch & Blackburn, 1996).
Likewise, prior to the start of the bloom season, M.
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aeruginosa exists in lake water columns as small
colonies and unicells (Wu & Kong, 2009; Zhu et al.,
2014). Blooms begin to form as colonies increase in
size and become more frequent relative to unicells
(Yamamoto et al., 2011; Zhu et al., 2014). Larger
colonies are more resistant to zooplankton predation
(van Gremberghe et al., 2009; Yang & Kong, 2012)
and more buoyant, maintaining position near the
surface while smaller phytoplankton sink due to
gravity or get pushed lower in the water column by
wind-mixing (Wu & Kong, 2009; Yamamoto et al.,
2011; Zhu et al., 2014; Li et al., 2016).

Multiple factors influence the size and frequency of
colonies, including the hepatotoxin microcystin (MC)
(Sedmak & Elersek, 2006; Gan et al., 2012), chemical
exudates from zooplankton (Burkert et al., 2001; Ha
et al., 2004; Yang et al., 2005, 2008; van Gremberghe
et al., 2009; Yang & Kong, 2012), low concentrations
of antibiotics (Tan et al., 2018), and contact with
heterotrophic bacteria (Shen et al., 2011; Wang et al.,
2015). The process by which heterotrophic bacteria
impact colony formation is not yet understood. Effects
of heterotrophic bacteria on the morphology of
Microcystis may be mediated by diffusible chemical
signals, as is the case for certain colony-promoting
zooplankton (Ha et al., 2004). Bacteria may release
exudates such as quorum-sensing molecules (Xue
et al., 2015; Passos da Silva et al., 2017; Zhai et al.,
2012) or antimicrobial compounds (Tan et al., 2018)
which cause cyanobacterial cells to modify their
surface properties or mucilage, making them more
adhesive. Bacterial exudates may promote colony
formation by upregulating EPS production in Micro-
cystis as MC amendments and zooplankton exudates
do (Yang et al., 2008; Gan et al., 2012), or by inducing
cyanobacterial cells to allocate more proteins to the
cell surface or the extracellular mucilage (Tan et al.,
2018).

Alternatively, Microcystis colonies might form as a
result of highly adhesive heterotrophic cells attaching
directly to the surfaces of any cells around them. Some
bacteria isolated from Microcystis colonies have
strong adhesive properties and form EPS-rich aggre-
gates among themselves in the absence of Microcystis
(Zhang et al., 2018). It is possible that these bacteria
and the EPS they produce may bind aggregations of
Microcystis and other bacteria together, rather than
any properties of Microcystis itself or its own extra-
cellular products.
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Although previous studies showed that co-cultures
of M. aeruginosa with colony-promoting bacteria
were enriched in EPS compared to pure cultures of M.
aeruginosa, it is not known if the excess EPS was
produced by the cyanobacteria, the heterotrophs, or
both (Shen et al.,, 2011; Wang et al., 2015). Co-
cultures had a higher ratio of cell-bound EPS to
soluble EPS than pure M. aeruginosa cultures (Wang
et al., 2015), which could be attributed to the two
species synthesizing different polysaccharides or to M.
aeruginosa changing the composition of its endoge-
nously produced polysaccharides in response to sig-
nals from bacterial neighbors. Furthermore, Wang
et al. (2015) observed morphological changes prior to
changes in EPS, indicating that EPS differences were
not the immediate cause of colony induction.

While it has been shown that Microcystis strains
belonging to different morphotypes form colonies in
response to different bacterial neighbors (Wang et al.,
2015), there is a lack of research comparing the
responses of toxic and non-toxic strains belonging to a
single morphotype to heterotrophic bacteria under
controlled conditions. In laboratory studies, toxic and
non-toxic Microcystis cultures have exhibited similar
morphological responses to the addition exogenous
MC (Sedmak & Elersek, 2006; Gan et al., 2012). In the
environment, non-toxic as well as toxic strains form
large colonies, although colonies of toxic strains tend
to be somewhat larger than those of non-toxic but
otherwise similar strains (Kurmayer et al., 2003). It is
possible that this is due to the availability of MC in the
environment: toxic Microcystis strains form large
colonies as a result of their own endogenously
produced toxin, some of which diffuses through the
water and induces other strains of Microcystis to form
colonies of a size proportional to the presumably lower
concentration of MC in their immediate vicinity.
However, it is also possible that heterotrophic bacteria
in the environment affect the formation of Microcystis
colonies by mechanisms independent of MC. Such
bacteria may induce large colony formation in non-
toxic Microcystis even in the absence of MC-produc-
ing cyanobacteria. The reported trend of toxic strains
forming larger colonies may result from MC enhanc-
ing an effect that colony-promoting bacteria have on
all strains of Microcystis, or it may result from the
strains having different metabolic responses to what-
ever bacteria are present.
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Understanding how Microcystis morphology is
determined is a necessary part of learning how
Microcystis blooms begin and how to predict their
onset. This is vitally important as changing climate
patterns allow blooms to develop in environments
from which they were previously absent (Paerl &
Huisman, 2009; Paerl & Paul, 2012). Relatively little
is known about how other members of the microbial
community affect a key adaptive trait of Microcystis
that makes the initiation and maintenance of blooms
possible.

In this study, bacteria were isolated from the 2014
Microcystis bloom in Lake Erie (Francy et al., 2015) to
determine if they enhanced the frequency and size of
colonies in cultured M. aeruginosa. It was hypothe-
sized that morphological effects of these bacteria
would be mediated by chemical exudates that initiate
changes in Microcystis mucilage and/or surface prop-
erties and would not depend on physical contact
between the cyanobacteria and heterotrophic bacteria.
It was further hypothesized that differences between
toxic and non-toxic M. aeruginosa strains would be
caused by microcystin enhancing the effects of
colony-promoting exudates, either by promoting
additional EPS production as in Gan et al. (2012) or
by directly enhancing intercellular adhesion as in Kehr
et al. (2006). Finally, it was hypothesized that any
differences between toxic and non-toxic strains which
could not be attributed to the aggregation-enhancing
properties of microcystin would be associated with
different strain-specific metabolic responses to col-
ony-promoting bacteria, which could be observed in
differences of reflectance spectra.

Methods
Isolation of bacteria

In August 2014, a toxic cyanobacterial bloom
occurred in Maumee Bay (Lake Erie, Ohio, USA)
during which Microcystis constituted more than 90%
of total near shore cyanobacterial biovolume (Francy
et al., 2015). To obtain bacteria associated with this
bloom, samples were collected from the upper five
centimeters of water in Maumee Bay on August 18,
2014. Cyanobacteria and their associated microorgan-
isms were concentrated by filtering 100 ml samples
through nitrocellulose membranes of 47 mm diameter

and 3 pm pore size (Millipore, Darmstadt, Germany).
Organisms collected on membranes were then resus-
pended in sterile deionized water to dissolve EPS
mucilage (Plude et al., 1991). Aliquots of suspension
were poured onto agar plates and spread evenly using
sterilized metal spreaders. Three growth media were
used: standard methods (plate count) agar, R2A agar
(Reasoner & Geldreich, 1985) from Difco Laborato-
ries (Detroit, MI, USA), and 0.9 g/l glucose and 1 g/1
casamino acids with 15 g/l agar. Plates were incubated
at room temperature for 4 weeks, and colonies were
isolated by streak-plating.

16S rRNA gene sequencing of bacteria

To obtain DNA, isolates were incubated overnight at
37°C in nutrient broth. Subsequently, DNA was
extracted using an UltraClean Microbial DNA purifi-
cation kit (MoBio Laboratories, Carlsbad, CA, USA)
(La Duc et al., 2009). DNA was amplified with
bacterial primer 357f (Muyzer et al., 1993) and
universal primer 1391r (Lane et al., 1985) targeting
the 16S rRNA gene. PCR consisted of an initial
denaturing step at 96°C for 5 min, followed by thirty
cycles of 96°C for 50-s, 57°C for 1 min, and 72°C for
1 min, then a final extension at 72°C for 8 min. PCR
products were cleaned with an ENZA DNA purifica-
tion kit (Omega Bio-Tek, Norcross, GA, USA) and
sent to the Ohio State University Molecular and
Cellular Imaging Center (Wooster, OH, USA) for
Sanger sequencing. Sequences were opened in Mega 7
(Kumar et al., 2004, 2016), and used as the template
for a BLAST search of the NCBI database (Altschup
et al.,, 1990). Isolate sequences and the closest
matching sequences from the database were aligned
with Clustal W (Thompson et al., 1994), and a
maximum likelihood tree was constructed using
1,000 bootstrap iterations (Tamura et al., 2011). All
isolate sequences were deposited in the NCBI
database.

Preliminary isolate screening

Isolates were screened for the ability to enhance
colony size and frequency in direct co-culture with M.
aeruginosa. Two M. aeruginosa strains from the
University of Texas Algal Culture Collection were
used: toxic UTEX LB 2385 and non-toxic UTEX LB
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2386. Bacterial isolates were cultured overnight in
nutrient broth at 37°C prior to the experiment. M.
aeruginosa was centrifuged at 2500 x g for 15 min and
rinsed with BG-11 medium three times, then resus-
pended in fresh BG-11. Each bacterial isolate was
centrifuged for 20 min at 4500x g, rinsed with BG-11
medium three times, and added to M. aeruginosa
suspension at a final density of 2 x 10° cells/ml for M.
aeruginosa and 1.5 x 10® cells/ml for the bacterial
isolate. Control cultures of M. aeruginosa contained 2
x 10° cells/ml with no added bacteria. All experi-
ments were performed in triplicate. Cultures were
incubated at 27°C under a 12H:12H light:dark cycle.

Microcystis aeruginosa cells were collected after
48 h and stained with Lugol’s iodine for observation.
Cells were viewed on wet mount slides at 200x with
an Olympus BX53 microscope (Olympus, Center
Valley, PA, USA), and ten fields per slide were
recorded with an Olympus SC100 digital camera.
Colonies and unaggregated Microcystis cells were
counted manually. Colony frequency was calculated
as the ratio of colonies to unaggregated Microcystis
cells. Surface area of each Microcystis colony was
measured with MetaMorph version 7.7 (MetaMorph,
Inc., Nashville, TN, USA). To determine colony size,
equivalent spherical diameter (ESD) was calculated
from visible surface area. Any replicate in which no
colonies were found was recorded as having a
frequency and colony ESD of zero. Any bacterial
isolate that caused a significant increase in frequency
or size of colonies in M. aeruginosa compared to
control cultures was considered a colony-promoting
isolate.

Assessment of colony-promoting effects
of bacterial exudates

To investigate whether exudates of these bacteria
could affect M. aeruginosa morphology in the absence
of direct contact, additional experiments were per-
formed. Cells were centrifuged and rinsed as described
above. Cyanobacterial cells were resuspended at 2 x
10° cells/ml, and colony-promoting bacteria at 3 x 10°
cells/ml. Thirty milliliters of each bacterial isolate
suspension were loaded into a Slide-A-Lyzer dialysis
cassette (Thermo Scientific, Waltham, MA, USA)
with 10,000 Dalton molecular weight cut-off, and
each cassette was submerged in M. aeruginosa
suspension. Control cultures consisted of M.
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aeruginosa suspension with no amendment. Cultures
were incubated as above for 48 h. All culture exper-
iments were carried out in triplicate. At the end of the
experiment, aliquots of M. aeruginosa suspension
were stained and observed as described above.

EPS quantification

To separate soluble EPS from cells, aliquots of EPS
suspension were centrifuged at 2500x g for 15 min
(Xu et al., 2013). Supernatants, containing soluble
extracellular polysaccharides (SL-EPS), were trans-
ferred to dialysis tubing with a cut-off 3,500 Da
(Thermo Fisher Scientific, Waltham, MA). Pellets
were resuspended in 5 ml of 0.05% NaCl solution,
incubated in a water bath at 60°C for 40 min, and
centrifuged at 4500x g for 60 min (Xu et al., 2013).
Supernatants, containing bound extracellular polysac-
charides (BD-EPS), were transferred to dialysis tubing
as above. EPS fractions were dialyzed overnight and
quantified by the phenol-sulfuric acid method using
galactose as a standard (Dubois et al., 1956).

Microcystin analysis

To quantify microcystin (MC), cultures were filtered
through GF/C membranes (Whatman, Maidstone,
UK). Filtrates, containing extracellular MC, were
purified according to the methods of Lawton et al.
(1994). To extract intracellular MC, membranes were
submerged for 1 h in methanol (Lawton et al., 1994).
Supernatants were decanted, and the process was
repeated twice. The methanol was evaporated, and
extracts from each subsample were resuspended in
methanol and recombined with extracellular MC from
the same subsample. After final evaporation, extracts
were resuspended in 500 pl methanol per subsample
for quantification of MC by HPLC-UV following
methods of Shamsollahi et al. (2015) using Shimadzu
Prominence HPLC (Shimadzu, Kyoto, Japan) and
standards from Cayman Chemical.

Reflectance readings

Spectral reflectance analysis was used to investigate
changes in optical properties associated with enhanced
colony frequency or size. M. aeruginosa suspension
from each culture was filtered through a 47-mm
diameter GF/F membrane (Whatman, Maidstone,
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UK). Filters were dried at 60°C for 24 h prior to
freezing at — 80°C and subsequently dried for an
additional 2 h at 60°C. For each filter, percent
reflectance was measured for wavelengths
360-730 nm with a CM-2600d spectrophotometer
(Konica Minolta, Tokyo, Japan), with an uncontam-
inated GF/F membrane as a blank. The data were
denoised by taking first-order derivatives of blank-
corrected reflectance readings at ten nm wavelength
increments between 400 and 700 nm.

Statistical analysis

Statistical analyses were performed in R 3.6.1 (R Core
Team,2016), augmented with the following packages:
readr (Wickham et al., 2016), dunn.test (Dinno, 2017),
StatMatch (D’Orazio, 2019), Hotelling (Curran,
2018). Because the culture experiments were per-
formed in triplicate, the measured values for each
dependent variable were averaged across the three
replicates. Morphological and EPS data were tested
for conformity to the assumptions of parametric
ANOVA. Because Shapiro—Wilk testing (Shapiro &
Wilk, 1965) confirmed that the dependent variables
were non-normally distributed, the Kruskal-Wallis
test was used as a non-parametric alternative to
ANOVA. Data were ranked without regard to group
assignment, and a test statistic based on ranks was
compared to a y* probability distribution (Kruskal &
Wallis, 1952). When treatment differences were
detected at o < 0.05, Dunn’s post hoc test was used
to analyze differences between individual treatment
and control groups (Dunn, 1961). To explore correla-
tions between morphology and EPS measurements,
the strength of each relationship was summarized by
an adjusted R-squared statistic and its significance was
determined by F-test.

The strain-specific spectral response was calculated
as the Mahalanobis distance between the average
reflectance spectrum of three control cultures belong-
ing to a single M. aeruginosa strain and the average
reflectance spectrum of three cultures of the same
strain under a particular bacterial isolate treatment.
Mahalanobis distance was considered a suitable mea-
sure of dissimilarity between spectra because it
accounts for the fact that reflectance readings at
different wavelengths within the visible spectrum may
be correlated (Mahalanobis, 1936; De Maesschalck
et al., 2000). For each bacterial treatment, Hotelling’s

T? test (Hotelling, 1951) was then used to compare the
strain-specific spectral responses of toxic and non-
toxic M. aeruginosa.

Results

Thirty-two bacterial isolates were cultured and
screened for colony-promoting effects. Six isolates
induced significantly greater colony frequency and/or
colony size in at least one M. aeruginosa strain
(Table 1). Two of the colony-promoting isolates were
affiliated with Gammaproteobacteria genus Pseu-
domonas, three with Firmicutes genus Exiguobac-
terium, and the last with Bacillus, a Firmicutes genus
closely related to Exiguobacterium (Fig. 1). However,
other isolates obtained also belonged to these genera
yet did not have significant effects on the morphology
of M. aeruginosa.

Subsequently, colony-promoting isolates were used
in experiments to determine if exudates could promote
colony formation without physical contact between
the isolated bacterium and M. aeruginosa. Kruskal—
Wallis revealed significant differences in colony
frequency among bacterial exudate treatments
(xz = 30.409, P = 0.004). Post hoc tests showed that
three isolates (PI-2, PI-6, and EI-23) enhanced the
frequency of toxic M. aeruginosa colonies relative to
controls (Table 1, Fig. 2A). PI-6 demonstrated a
similar effect on the frequency of non-toxic M.
aeruginosa colonies, while EI-23 exudates had a
marginally significant effect. In contrast, colonies
occurred in non-toxic cultures treated with PI-2 at
lower frequency than in control cultures.

Different bacterial treatments were associated with
differences in mean colony size (x> = 28.615,
P =0.007) and maximum colony size (x> = 27.844,
P =0.001). Investigation of pairwise differences
revealed that exudates from four bacterial isolates
(PI-2, EI-12, EI-15, and BI-3) enhanced average
colony size in non-toxic M. aeruginosa only (Table 1,
Fig. 2B). The same four isolates all promoted greater
maximum colony size in non-toxic M. aeruginosa
compared to non-toxic controls, while only one
isolate, PI-2, was associated with increased maximum
colony size for toxic M. aeruginosa (Table 1,
Fig. 2C).

Results suggest a tradeoff between colony fre-
quency and colony size. In control cultures, toxic M.

@ Springer



80 Hydrobiologia (2020) 847:75-89
Table 1 Colony- Isolate Difference from toxic control Difference from non-toxic control
promoting effects of
bacterial isolates PI-2 Frequency Mean ESD
z=—1.864 P =0.031 z=—3.195 P =0.001
Max ESD Max ESD
z=—2.063 P=0.02 z=—2.496 P = 0.006
PI-6 Frequency Frequency
z=—2.097 P=0.018 z=—1.764 P =0.039
EI-12 Mean ESD
z=—2.063 P=0.02
Max ESD
z=—1.963 P =0.025
EI-15 Mean ESD

The six bacterial isolates

that promoted increased EI-23
size or frequency of M.

aeruginosa colonies across

a dialysis barrier, presented BI-3
with their significant

(o0 < 0.05) effects on M.

Frequency

z=—2.762 P =0.003

z=—3.128 P = 0.001

Greater max ESD

z=— 2.562 P = 0.005

Frequency

z=— 1.531 P =0.063

Mean ESD

z=— 2.729 P = 0.003 Greater max ESD
z=— 1.83 P =0.034

aeruginosa

aeruginosa formed larger colonies than non-toxic M.
aeruginosa, while colonies occurred more frequently
in cultures of the non-toxic strain compared to the
toxic strain (Fig. 2). Each treatment induced non-toxic
M. aeruginosa to form colonies of either greater size
or increased frequency compared to non-toxic con-
trols, never both (Table 1, Fig. 2). Of three treatments
that affected morphology of toxic M. aeruginosa, two
promoted increased colony frequency compared to
controls but smaller average colony size (Table 1,
Fig. 2). There was a weak but statistically significant
negative correlation between colony frequency and
colony size across the entire dataset (Fig. 3A).

The amount of EPS normalized to estimated
number of Microcystis cells differed among treat-
ments (;(2 = 30.351, P = 0.004), largely due to non-
toxic control cultures having higher EPS per cell than
cultures treated with PI-2, BI-3, EI-12, or EI-15. Over
the entire dataset, normalized EPS was positively
correlated with colony frequency (Fig. 3B). When
strains of M. aeruginosa were considered separately,
the correlation was stronger among toxic cultures
(Adjusted R*=0.391, F=13.82, P =0.002),
whereas there was no significant correlation between
frequency and normalized EPS values for non-toxic
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cultures. This indicates that the polysaccharide com-
ponent of the mucilage may be important to colonial
morphology in the toxic strain but not in the non-toxic
strain. HPLC-UV analysis did not detect any MC, so
different responses of toxic and non-toxic M. aerug-
inosa strains cannot be attributed to the presence of
MC in toxic cultures at the time of the experiment.

Growth rates of M. aeruginosa cultures also varied
among treatments (> = 31.215, P = 0.003). Non-
toxic M. aeruginosa cultures exposed to PI-2, EI-15,
and BI-3 grew at significantly higher rates than did
control cultures, whereas growth rates for toxic
cultures exposed to these and other treatments were
similar to growth rates of control cultures (Table 2).
Furthermore, both M. aeruginosa strains exhibited
higher growth rates in response to PI-2, EI-15, or BI-3
than in response to PI-6 or EI-23, the two isolates
which enhanced the frequency of colonies with no
effect on size.

Reflectance data showed that, even though the toxic
M. aeruginosa strain had not produced
detectable amounts of microcystin over the course of
this experiment, its metabolic response to each
treatment differed greatly from that of non-toxic M.
aeruginosa (Table 3). Each of the six bacterial isolates
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Fig. 1 Phylogeny of colony-promoting isolates and selected
other bacteria. Phylogenetic tree of heterotrophic bacterial
isolates from the 2014 Microcystis bloom in Maumee Bay and
their closest matches in the GenBank, based on 16S rDNA

had opposite or nearly opposite effects on the two M.
aeruginosa strains over most of the visible spectrum
(Fig. 4). At wavelengths where toxic M. aeruginosa
under experimental treatment exhibited higher

Borrellia garinii

sequences, with bootstrap confidence levels greater than 50%
are indicated at internodes. Asterisks indicate isolates that
promoted increased size or frequency of colonies under standard
laboratory conditions

reflectance than the toxic control cultures, non-toxic
M. aeruginosa exposed to the same treatment had
lower reflectance relative to non-toxic controls, and
vice versa.

@ Springer



82

Hydrobiologia (2020) 847:75-89

@ Springer

Colonies/Unicell

Micrometers

Micrometers

0.02 0.04 0.06 0.08

0.00

40 60 80 100 120

20

200 300 400

100

(A)

|

f ef
B Toxic Cultures
O Non-Toxic Cultures d,e,f
ef
c,d,e,f
bic)d!
b,C,d,e e,f a,b,c, a,b,c,d
d,e
b,c,d,e abo abod
a,b
a
(B) . .
d,e
d,e g
c,d,e
de a,b,c,d
b,c,d,e
a,b,c,d a,b,c,d
a,b,c
a,b,c
a,b
| h
©)
e de e
b,c,d,e c,de
a,b,c, b,c,d,e b,c,d,e
d,e a,b,c,d
a,b,c
a,b
a
/I_L‘ 1
Control PI-2 PIl-6 El-12 El-15 El-23 BI-3

Treatment



Hydrobiologia (2020) 847:75-89

83

«Fig. 2 Treatment effects on morphology. Bar plots of morpho-
logical measurements of M. aeruginosa cultures exposed to
exudates from bacterial isolates across a dialysis barrier: colony
frequency (A), mean colony size (B), and maximum colony size
(C). Error bars indicate standard error of the mean

Discussion

Six bacterial isolates from a cyanoHAB community in
Lake Erie enhanced colony size or frequency in at
least one strain of M. aeruginosa. Colony-promoting
isolates were affiliated with Gammaproteobacteria
genus Pseudomonas or with Firmicutes genera Bacil-
lus and Exiguobacterium. Previously, Wang et al.
(2015) isolated colony-promoting Bacillus cereus and
Exiguobacterium acetylium from lakes in China. In
this context, it is interesting that the colony-promoting
bacteria isolated from Lake Erie included B. cereus
and Exiguobacterium, a genus closely related to
Bacillus (Wang & Sun, 2009). Other colony-promot-
ing bacteria identified by Wang et al. (2015) were
classified as Gammaproteobacteria, as were the
remaining colony-promoting isolates in this study.

Microcystis colonies observed by Wang et al.
(2015) and Shen et al. (2011) may have been driven
not by changes in the Microcystis cells but by their
contact with highly adhesive co-cultured bacteria.
Some heterotrophic bacteria that attach to Microcystis
in the environment exhibit strong adhesive properties
and a tendency to autoaggregate, leading some authors
to speculate that they may play a role in holding
together the large colonial assemblages found in
blooms (Zhang et al., 2018). However, those bacteria
were not tested for the ability to restore colonial
morphology to any predominantly unicellular strains
of Microcystis. The bacteria that demonstrated autoag-
gregation belonged to a wider variety of phyla and
classes than the known colony-promoting isolates,
representing Actinobacteria, Bacteroidetes, and Al-
phaproteobacteria in addition to Firmicutes and
Gammaproteobacteria (Zhang et al., 2018). Although
none of the autoaggregating bacteria were affiliated
with the same genera as the known colony-promoters,
one of the bacteria with the strongest propensity for
autoaggregation and general adhesiveness was Sta-
phylococcus caprae, belonging to Bacillales, the same
order as Bacillus and Exiguobacterium.

Our study shows that exudates from heterotrophic
bacteria enhance colony formation in Microcystis
even in the absence of physical contact between
cyanobacterial and heterotrophic cells. Genera that
exhibited colony-promoting capabilities are known to
exude a variety of secondary metabolites, including
antimicrobial compounds (Raaijmakers et al., 2002;
Haas & Défago, 2005; Molohon et al., 2011; Pathak
et al., 2013) and quorum-sensing molecules (Winson
et al., 1995; Jones & Blaser, 2003; Lombardia et al.,
2006; Biswa & Doble, 2013; Lee & Zhang, 2015;
Fernandes et al., 2018). Some antimicrobials enhance
aggregation of Microcystis cells when added to
cultures in low doses (Tan et al., 2018). Quorum-
sensing molecules such as acyl homoserine lactones
(AHLs) produced by some Pseudomonas (Juhas et al.,
2005; Case et al., 2008) and Exiguobacterium (Biswa
& Doble, 2013) and autoinducer 2 (AI-2) produced by
B. cereus (Auger et al., 2006; Fernandes et al., 2018)
take part in regulating EPS production and/or cell
aggregation (Keller & Surette, 2006; Rickard et al.,
2006; Ryan & Dow, 2008; Zhai et al., 2012; Xue et al.,
2015). The above types of molecules can diffuse
through a liquid medium to be taken up by receptive
cells that need not have direct contact with the cells
that synthesized the molecules. In this study, the
dialysis barrier that separated M. aeruginosa from
heterotrophic bacteria ensured that the diffusion of
cellular exudates was the only means by which the
heterotrophs could have influenced morphology of the
cyanobacteria. Further research is needed to identify
the colony-promoting compounds and the concentra-
tions at which they induce changes in Microcystis
morphology. This will advance understanding not
only of the mechanisms by which Microcystis strains
form and maintain colonies but also of how likely
environmental concentrations of colony-promoting
exudates and environmental abundances of the bacte-
ria that produce them are to induce ecologically
significant changes to Microcystis populations with
which they have contact.

Colony size is important to Microcystis success.
Colonies that are large (80-100 pm) can escape
consumption by zooplankton grazers (Jarvis et al.,
1987) and zebra mussels (White et al., 2011; White &
Sarnelle, 2014). Larger colonies tend to be more
resistant to sinking than smaller ones, and colonies
with a diameter of at least 100 pm maintain or quickly
return to position near the surface when wind-mixing
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Fig. 3 Correlations of colony frequency with colony size and
EPS. Scatter plots of mean colony size (A Adjusted R* = 0.078,
F =448, P =0.04) and normalized EPS concentration (B,

carries smaller colonies deeper into the water column
(Wu & Kong, 2009; Zhu et al., 2014). In this study,
colony size of non-toxic M. aeruginosa increased from
approximately 30 to 100 um within 48 h of exposure
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Adjusted R* =0.19, F=10.59, P =0.002) against colony
frequency, where lower values indicate more unicells and
higher values indicate more colonies

to PI-2 and EI-15, suggesting that inter-relationships
with bacteria may impact bloom formation. Because
Microcystis blooms are initiated by rapid accumula-
tion of colonies near the water surface (Wu & Kong,
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Table 2 Cyanobacterial Growth Rates Varying with Isolate
Treatment

Treatment UTEX 2385 UTEX 2386
Control 1.29 (0.09) 0.65 (0.24)
PI-2 1.53 (0.09) 1.73 (0.07)*
PL-6 0.71 (0.12) 0.65 (0.05)
EL-12 1.30 (0.25) 1.33 (0.16)
EL-15 1.55 (0.17) 1.61 (0.10)*
EL-23 0.65 (0.18) 0.75 (0.35)
BI-3 0.78 (0.21) 1.69 (0.09)*

Average daily percent increase in M. aeruginosa cell numbers
for cultures receiving different bacterial exudate treatments.
Numbers in parentheses indicate standard error. Asterisks
indicate significant difference between the treatment and
control cultures of the same M. aeruginosa strain (o < 0.05)

Table 3 Significant differences in strain-specific spectral
response to isolate treatment

Treatment Hotelling’s 7* P value

PI-2 9.973 5.0 x 1073
PI-6 6.639 6.51 x 1077
EI-12 6.804 492 x 1077
EI-15 2521 0.007

EI-23 13.034 1.634 x 10710
BI-3 3.113 0.001

Comparison of dissimilarity between experimental treatment
culture reflectance spectra and control culture reflectance
spectra for toxic and non-toxic strains of M. aeruginosa
strain (a < 0.05)

2009; Yamamoto et al., 2011; Zhu et al., 2014) and
facilitated by consumers that reject Microcystis while
feeding on its phytoplankton competitors (Vander-
ploeg et al., 2001; Wang et al., 2010; Leitdo et al.,
2018), these bacteria may contribute to the ability of a
Microcystis strain to initiate a bloom.

Some isolates had notably different effects on two
M. aeruginosa strains, which may have wider ecolog-
ical implications. For example, exudates of EI-15
induced non-toxic M. aeruginosa to form larger
colonies than toxic M. aeruginosa (Fig. 4), a differ-
ence that could make the non-toxic strain less
vulnerable than its toxic conspecific to light limitation
(Wu & Kong, 2009; Yamamoto et al., 2011; Zhu et al.,

2014) and consumption (Jarvis et al., 1987; White
et al., 2011; White & Sarnelle, 2014). Toxic and non-
toxic Microcystis typically co-occur in the environ-
ment and MC concentration is often correlated with
the ratio of toxic to total Microcystis (Kurmayer et al.,
2003; Kardinaal, 2007; Davis et al., 2009; Joung et al.,
2011). The morphological responses observed in this
study imply that interactions with heterotrophic bac-
teria may influence which Microcystis strains pre-
dominate within a bloom.

The prediction that colony-promoting bacteria
would promote increased production of EPS was only
tentatively supported for toxic M. aeruginosa and not
at all supported for non-toxic M. aeruginosa. For toxic
M. aeruginosa cultures, colony frequency was corre-
lated with EPS concentration, but treatment differ-
ences in EPS concentration were not statistically
significant. For non-toxic M. aeruginosa, colony
frequency was unrelated to EPS, while colony size
was greater in cultures that contained less EPS per cell
than was found in non-toxic controls. Therefore, the
mechanism by which the bacterial isolates in this study
promoted the formation and growth of non-toxic M.
aeruginosa colonies must not depend upon the adhe-
sive properties of EPS. Variations in reflectance
readings indicate that exudates of each bacterial
isolate were associated with strain-specific differences
in the production or breakdown of cellular metabolites
of M. aeruginosa. Perhaps colony-promoting bacteria
induced non-toxic M. aeruginosa cells to increase
their adhesive potential with cell surface proteins
(Kehr et al., 2006; Zilliges et al., 2008). Alternatively,
chemical signals from these bacteria may have
induced M. aeruginosa to exude more extracellular
proteins, thus increasing the adhesiveness of the
mucilage without increasing polysaccharide content
(Tan et al., 2018).

Conclusions

Six bacterial isolates from a Microcystis bloom in
Lake Erie enhanced frequency or size of colonies in
toxic and/or non-toxic strains of Microcystis aerugi-
nosa. Four of the isolates induced non-toxic M.
aeruginosa to produce colonies sufficiently large to
escape from predation and wind-mixing. This demon-
strates that bacteria which occur in association with
Microcystis blooms can influence the physical
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Fig. 4 Strain-specific differences in reflectance with respect to wavelength. Plots of the average difference in standardized reflectance
readings across the visible spectrum between experimental treatment cultures and control cultures of the same M. aeruginosa strain

characteristics of Microcystis strains in ways that
potentially contribute to the initiation and mainte-
nance of blooms or to succession of strains within a
bloom. Furthermore, bacteria were able to affect the
morphology of M. aeruginosa in the absence of direct
contact with M. aeruginosa cells, supporting the
hypothesis that heterotrophic bacteria influence Mi-
crocystis morphology via a mechanism mediated by
diffusible chemical signals.

However, the hypothesis that colony-promoting
bacteria would enhance both frequency and size of
colonies by inducing any strain of M. aeruginosa to
increase production of extracellular polysaccharides
was not supported. Different responses of toxic and
non-toxic M. aeruginosa strains, low EPS concentra-
tions in cultures that exhibited increased colony size,
and an overall negative correlation between colony
frequency and colony size all indicate that the
mechanisms by which heterotrophic bacteria promote
Microcystis colony formation are complex and
diverse. Morphological responses of the non-toxic
strain to colony-promoting bacteria were independent
of the adhesive properties of extracellular

@ Springer

polysaccharides. Additional study is needed to clarify
the mechanisms by which heterotrophic bacteria
contribute to Microcystis colony formation and to
explore how these interactions play out in complex
communities.
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