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ARTICLE INFO ABSTRACT

Keywords: The combined effect of four abiotic factors on Microcystis aeruginosa growth and toxin production was assessed
Cyanobacteria by culturing the cyanobacterium under different light intensities (10-190 pmol photons'm ™~ %s~ '), CO, con-
Cyanotoxin centrations (0-10% (v/v)), temperatures (15-40 °C), and pH values (6.5-9.5). Results indicate a significant

Combined effect
High added-value product
Photoautotrophic growth

influence caused by the synergistic effect of environmental factors over growth-related parameters and cyano-
bacteria toxicity. The combined use of low to medium light intensities (50-120 umol photons'm ™ 25~ 1 and CO,
concentration (1-6% v/v) led to higher cell concentrations, while specific growth rate and biomass productivity
were favoured by medium to high light intensities (110-190 pmol photonsm“z‘s_l), CO, concentrations
(4-9.5% v/v) and temperatures (29-39 °C). Regarding microcystin (MC) production, higher concentrations were
obtained at low light intensities and low CO, concentrations while approximately 2000-fold lower MC con-
centrations were achieved by simultaneous use of high values of light intensity, CO, concentration and tem-

perature.

1. Introduction

As a result of continuous climate changes and environmental pol-
lution caused by anthropogenic activities over the last decades, cya-
nobacteria have proliferated in water bodies throughout the globe
emerging as a major concern for national and international authorities
[1,2]. Among harmful cyanobacterial bloom (HCB) forming organisms,
Microcystis aeruginosa is considered to be the most widespread, pre-
senting a serious risk for human (and animal) health due to its ability to
produce cyanotoxins (MC) as well as other metabolites that affect wa-
ter's taste and odour [3,4]. Due to the large dissemination of this cya-
nobacterium, humans might be exposed to its hepatotoxins. MC-LR is
the most frequent either by drinking and recreational water or aquatic
and terrestrial foodstuffs (e.g. fish, shellfish, vegetables, plants, sup-
plements) potentially causing severe health problems such as liver tu-
mours [5-11]. Besides the environmental and health issues, the in-
creasing occurrence of HCBs may also represent economic losses
because of the higher costs of water treatment processes and the drop
observed in water recreational and fishery activities [12].

In order to avoid similar human lethality events as happened in
Brazil [13], the World Health Organization (WHO) established a
guideline value for MC-LR in drinking water, 1 pg-L.”?, and a tolerable
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daily intake of 0.04 ugkg~ ' [14]. Numerous laboratory analytical
methods, including liquid chromatography, in vitro bioassays, and
immunoassays, have been extensively used in MC detection and
quantification [15]. However, the limited availability of commercial
standards along with their low reliability in terms of matching the re-
quired purity and quantity, threw some suspicious thoughts over the
research work already published [16,17]. To overcome this issue as
well as reduce the high prices charged for pure standards used in
monitoring assays, increasing MC production capacity became a ne-
cessity for research groups working on this field [18].

Additionally, it is important to understand how environmental
factors affect M. aeruginosa growth and MC production in order to avoid
or control blooms of this toxic cyanobacterium. Since growing HCBs
and cyanotoxin production are complex events comprising a large
number of variables, much is still unknown. This is mainly due to the
lack of information regarding synergistic interactions between different
abiotic factors and the contradictory data previously attained [19,20].
Over the last years, many studies have been performed in order to as-
sess the influence of light [21,22], CO5 [23,24], nutrients [22,25],
temperature [22,26], and pH [23,27] on M. aeruginosa growth and MC
content. However, all these studies aimed to explore the effect of each
factor individually. One of the few exceptions is the study performed by
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[20] where the combined effect of light intensity, temperature and ni-
trogen concentration on M. aeruginosa growth was evaluated, showing
significant interactions affecting cyanobacterium growth. However, the
impact of such abiotic factors on toxin production was not determined
in this study. Thus, there is a need for testing the influence of combined
environmental factors so that we can better understand the response
behaviour of these blue-green algae in their natural environment and, if
needed, manipulate their growth under laboratory conditions.

The objective of this study is to determine the impact of combined
use of light intensity (10-190 umol photons'm~ *s~ 1), CO, concentra-
tion (0-10% (v/v)), temperature (15-40 °C) and pH (6.5-9.5) on M.
aeruginosa LEGE 91094 growth and toxicity. Our expectations about the
insights from this study rely on two completely opposite perspectives: i)
increase the knowledge about M. aeruginosa growth and MC production
which will contribute to optimize culturing conditions and conse-
quently decrease the high prices of analytical standards employed in
control and monitoring methodologies as well to assist all the research
groups working in different areas around the control of HCBs and the
mitigation of their consequences; ii) further understanding of the real
impact of environmental conditions on M. aeruginosa growth and toxi-
city in order to improve HCBs predicting mechanisms.

2. Materials and methods
2.1. Microorganism, culture and experimental conditions

The unicellular cyanobacterium Microcystis aeruginosa LEGE 91094
from the Interdisciplinary Centre of Marine and Environmental
Research (CIIMAR - Porto, Portugal) collection was maintained in Z8
medium [28] under 10 umol'm~ *s~ ! using a 12:12-hour light-dark
cycle at 20 °C. Stock cultures were renewed on a monthly basis.

Batch culture experiments were carried out in 40 mL glass test tubes
containing Z8 medium subjected to several ranges of light intensity,
CO,, concentration (added to the original air stream), temperature and
pH summarized in Table 1. Initial biomass concentration was
0.05 gL.~ ! (dry weight — DW) in all cultivations.

2.1.1. Study of combined effect of light intensity and CO2 concentration

The combined influence of light intensity and CO, concentration
(independent variables) on M. aeruginosa growth and MC content (de-
pendent variables) was assessed through a 22 full-factorial central
composite design (CCD). The choice of pairing up these two abiotic
factors was due to the fact of being light the source of energy and CO,
the source of carbon, making more sense to vary both simultaneously.
Experiments were performed at 25 °C by varying light intensity and CO,
concentration conditions (levels described in Table 1) and combine
them, reaching a total of 18 different arrangements. The tested com-
binations are presented in Table 2. Following the experimental design,
three central points (CP) were executed. The pH was kept at 8 by ad-
justing its value with NaOH (0.1 M) or HCl (0.1 M) and no CO, was
added to the aeration stream. The volume lost due to water evaporation
was replaced using sterilized distilled water and samples for determi-
nation of biomass concentration were collected every 24 h under ster-
ilized conditions (i.e. using a laminar flow box) until the stationary
phase was reached.

Table 1
Range of tested environmental factors.

Environmental factor tested Tested values

10, 55, 100, 145, 190
0,25,5,7.5, 10

15, 25, 30, 35, 40
6.5, 8, 9.5

Light intensity (umol photonsm ™25~ 1)
CO, concentration (% v/v)
Temperature (°C)

pH
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2.1.2. Study of combined effect of temperature and pH

After determining and validating the optimal conditions of light
intensity and CO, concentration for M. aeruginosa growth, the optimal
values (based on biomass productivity) of these variables were fixed
and the combined effect of temperature and pH was assessed doing a
similar process as shown before in Section 2.1.1 (Tables 1 and 4). The
sampling and evaporation compensation was performed as described in
Section 2.1.1.

2.2. Growth kinetics

Samples collected during cultivations were used to determine the
biomass concentration as well as biomass productivity and specific
growth rate attained throughout the assays performed.

2.2.1. Biomass concentration

The absorbance of cultures was measured at 670 nm and 750 nm
(following the recommendations given by [29]) using a Synergy™ HT
Multi-Detection Microplate Reader (BioTek Instruments, Inc., Vermont,
USA). Through a calibration curve previously performed for this pur-
pose, where the variation of cell concentration (X, gL~ ! DW) was re-
presented as function of absorbance (Egs. (1) and (2)), it was possible to
follow biomass concentration during tests.

X = 0.821 X Abs(670nm) + 0.014 (R = 0.995) @

X = 1.208 X Abs(750nm) + 0.023 (R? = 0.984) )

2.2.2. Determination of biomass productivity and specific growth rate
Biomass productivity (P, gL~ *d~ ') was obtained from the fol-
lowing equation:
_ X —Xo

t—to

3

where X, refers to biomass concentration (g-L.~ 1 DW) at a certain period
of time (¢, d) and X, is the biomass concentration (gL~ 1 DW) observed
at the beginning of growth (¢, d).

Specific growth rate (u, h™ ') was determined from:

4= In%) — ()

L—1h @

where X; and X, represent biomass concentration (g-L~ 1 DW) in two
consecutive moments (t; and t,) of the exponential phase.

2.3. Microcystin quantification

The Microcystins-ADDA ELISA Kit (Abraxis, Inc., Pennsylvania,
USA) was used to determine the concentration of total MC toxin ([T]) at
the beginning of stationary phase of each growth. In order to disrupt
cells, samples were frozen and thawed three times following the in-
structions of the kit's protocol). The amount of MC in each sample was
determined following the instructions of the Microcystins-ADDA ELISA
Kit. Samples were diluted according to the manufacturer's re-
commendations and the absorbance was measured at 450 nm using a
Synergy™ HT Multi-Detection Microplate Reader (BioTek Instruments,
Inc., Vermont, USA).

Toxin productivity (Pioxin, Hg toxins L™~ L.d~ 1) was obtained from the
following equation:

[Tly x P ®)

Ptoxi n

where [T]; refers to toxin concentration (ug toxins-g cells™ 1) at the
beginning of the stationary phase and P is the biomass productivity at
that point (g cellsL™ Ld—h,
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Table 2
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Experimental design including the combination of light intensity and CO, concentration and the respective responses of HUmax, Xmax> and Prax.

Run CO,, concentration Light intensity Umax Xnax Prax
(% v/v) (umol photonsm ™~ 25~ 1) (h™h (gL™h (gL 'd™hH

1 0 10 0.0118 1.295 0.067
2 0 55 0.0171 1.939 0.173
3 2.5 55 0.0190 1.949 0.149
4 0 100 0.0090 1.092 0.050
5 2.5 10 0.0125 0.614 0.040
6 2.5 100 0.0206 1.905 0.145
7 5 10 0.0108 1.451 0.049
8 5 55 0.0189 1.113 0.066
9 (CP)* 5 100 0.0207 1.108 0.112
10 (CP)* 5 100 0.0231 1.125 0.105
11 (Cp)* 5 100 0.0267 1.208 0.137
12 7.5 55 0.0250 1.081 0.090
13 7.5 100 0.0297 1.338 0.132
14 7.5 145 0.0351 1.266 0.135
15 10 55 0.0134 0.861 0.054
16 10 100 0.0233 0.987 0.059
17 10 145 0.0293 1.139 0.077
18 10 190 0.0252 1.168 0.108
19 5 145 0.0310 1.317 0.190
20 2.5 145 0.0269 0.936 0.114

@ CP: Central point.
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2.4. Statistical analysis

The experiments for quantification of microcystin were performed
in triplicate. Mean values and standard errors were calculated from
triplicates and used in corresponding tables and graphical representa-
tions. Statistical analyses of experimental data were performed using
the Statistica 10.0.228.8 software (Statsoft Inc., USA). Analysis of var-
iance (ANOVA) was used to estimate any statistically significant dif-
ference at a confidence level of 95%. Fitting quality of response surface
models applied to the experimental data was evaluated by the coeffi-
cient of determination (R?) and the root mean square error (RMSE).
Desirability function analysis (DFA) derived from the predictive re-
sponse surface models was applied and allowed to have a better un-
derstanding of the relationship between predictor variables (environ-
mental factors) and response variables, as well as to verify which
growth conditions can produce the most desirable/undesirable re-
sponse on studied growth and toxin-related parameters.
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Fig. 1. Contour plot of maximum biomass productivity (Ppax)
determined for the set of light intensity (L) and CO, concentra-
tion combinations tested.

P (9.Ld)

Bm>012
<01
C<0.07
<004
Bl <0.01

3. Results and discussion
3.1. Effect of cultivation conditions on cell growth and toxin production

The effect of cultivation conditions (i.e. light intensity, CO, con-
centration, temperature and pH) on cell growth kinetics (u, P and X)
and toxin production ([T] and Py, was assessed through a CCD
(Tables 2, 4 and 6). Overall, the study showed that the data were well
fitted with a linear and/or quadratic model, where lack of fit test was
not statistically significant (p < 0.05) and while the R*> and RMSE
were satisfactory.

3.1.1. Combined effect of light intensity and CO, concentration on M.
aeruginosa growth

The assays performed to assess the combined effect of light intensity
and CO, concentration on growth-related parameters, as well as the
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Table 3

Effect estimates, standard errors, and t-test for the effect of combined use of light intensity
(L) and CO, concentration (CO5) 0N fmays Ximax, aNd Ppay according to the 22 full-factorial
central composite design. RMSE and R? associated with each response variable are also
exhibited here.

Variables and Estimated Standard t-Value p RMSE R?
interactions effects errors

Hmax

4CO, 0.005 0.002 2.721 00.020 0.004 0.810
4(C0y)* —0.005 0.001 —3.348 0.006

L 0.007 0.002 2.879 0.015

L? —0.004 0.002 -1.656 0.126

CO, X L 0.004 0.002 1.778 0.103

Xmax

CO, —0.062 0.149 —0.415 0.686 0.349 0.251
(CO2)* —-0.137 0.117 -1.170 0.267

L —0.054 0.191 -0.282 0.783

I? —0.228 0.180 -1.267 0.231

COy X L 0.222 0.174 1.276 0.228

Prnax

CO, —0.006 0.014 -0.425 0.679 0.032 0.631
%(C0O,)? —0.029 0.011 —2.736 0.019

L 0.038 0.017 2.190 0.051

I? —-0.018 0.016 -1.102 0.294

COy, X L 0.017 0.016 1.058 0.313

@ Significant influence at 95% confidence level.

respective values obtained for each response variable, are shown in
Table 2.

The results have shown a substantial variation of all dependent
variables over the different combinations of light intensity and CO,
concentration tested (Table 2). Namely, |,,.x presents a 4-fold variation
(0.0090-0.0351 h™ 1), while Xne and P present a 3.2-fold
(0.614-1.949 g¢1.” 1) and a 4.75-fold (0.040-0.190 g~ *-d~ ') varia-
tion, respectively.

In order to understand in more detail the influence of light intensity
and CO, concentration on each of the growth associated parameters,
their relation was assessed through the response surface plots (Fig. 1 —
data not shown for p,e and X,,q,) built with the data described in
Table 2.

As previously mentioned, a statistical analysis was carried out
aiming at identifying which independent variables had significant in-
fluence on dependent variables. The statistical significance is given by
Table 3.

Fig. 1 shows that the combined effect of light intensity and CO,
concentration present in air stream influenced M. aeruginosa growth.
However, growth-based parameters were affected in different ways.
From the response surface methodology, it was found that both light
and CO, linear terms and quadratic term of CO, proved to be significant
t0 Umax, (@ < 0.05), while X,,,o, was not affected (p > 0.05) by any of
these experimental independent variables. Regarding the P, only
quadratic term of CO, concentration was proven to have a significant
effect (p < 0.05).

Results from response surface methodology also suggest that higher
values of ppq (> 0.03 h™1) are possible to obtain when high light
intensities (130-190 umol photonsm ™ %s~ ') are combined with CO,-
rich environments in the range of 5.5 to 9.5% (v/v) (data not shown).
Although the maximum values for specific growth rate were observed
by [30] within the same range of CO, concentration - i.e. 5-7% (v/v) —
the values reported by these authors were approximately 2-fold higher
(=1.5d7H.

Differently to [30], who reached the highest biomass concentrations
(= 1 gL~ 1) using air streams presenting 7% (v/v) of CO,, in our study
the highest biomass concentrations (> 1.4 g-L_l) were attained for
medium light intensities (50-120 umol photons'm~ %s~ 1) and aeration
stream containing low to medium CO, concentration (1-6% (v/v)) —
data not shown. This difference might be related to the continuous light
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supply (instead L:D cycles of 12:12) or to the particular features dis-
played by the strains of M. aeruginosa used.

In contrast to what happened to L.y and X4y, the results of Fig. 1
indicate that Pp,. varies in a different manner since higher P,
(> 0.12gL~*d™ 1) can be obtained combining medium to high light
intensities (110-190 umol photonsm™%s~!) with medium to high
concentrations of CO, (4-7% (v/v)). This response is in agreement with
[30] achievements since productivity was nearly the same
(=0.136-0.154 g'L.~ Ld~ 1) under similar conditions of CO (5-7% (v/
v)).

According to [20,22], increasing light intensity (up to 65 and
80 umol photons'm ™~ %s~ !, respectively) also results in higher specific
growth rates and cell densities, which is confirmed by the results ob-
tained in this work.

Through second-order equations (Eq. (6)-(8)) resulting from re-
sponse-surface methods (RSM) fitting of pmax, Xmax and Pmax, re-
spectively, it was also possible to estimate the maximum values that
could be eventually attained, as well as which growth conditions should
be used for that purpose.

Mo = 5:5 X 1073 + 3.1 X 1073 X CO, — 3.7 X 1074(C0O,)? + 1.7 X 107“L
— 8.7 X 10712 + 1.6 X 10~°CO,L (6)
Xpax = 1.2 — 1.3 X 1073CO, — 1.1 X 1072(C0O,)? + 5.7 X 1073L
— 5.6 X 10712 4+ 1.0 X 1073CO,L @

Bpax = 33 X 1072 + 1.5 X 1072CO, — 2.3 X 1073(C0O,)? + 1.0 X 107L

— 4.5 X 10712 + 7.5 X 107°CO,L 8)

Accordingly to these equations the maximum estimated value for
Umax (0.0312h™ 1) can be obtained at 168 ymol photonsm ™~ *s~ ! and
7.8% of CO,, while the maximum estimated for Xy, (1.447 gL~ D is
obtained at 83 pmol photonsm~™%*s~ ' and 3.7% of CO, and P
(0.146 gL~ Ld~ 1) is observed at 155 pmol photonsm ™ 2571 and 5.5%
of CO,. Since P, was our main goal at this stage, a series of assays
(triplicate) were carried out at 155 pmol photonsm ~ 2571 and 5.5% of
CO, in order to compare the “obtained P,,,,” with the “estimated P,,,o,”.
The results shown that the “obtained Ppq.” - 0.273 = 0.027 gL~ *d ™!
— is in fact considerably higher than the “estimated P,,,” value. The
conditions (155 pmol photonsm ™ %*s~ ! and 5.5% of CO,) in which the
maximum P,,,, was obtained were the ones used during the study of
temperature and pH effect (Section 3.1.2).

Table 4
Experimental design including the combination of temperature and pH and the respective
responses Of [hnax, Xmaxs aNd Prax.

Run pH Temperature Hmax Xmax Ppax
™" L™ ™h (gL 'd™"h

21 6.5 15 NG* NG NG
22 8.0 15 NG NG NG
23 9.5 15 NG NG NG
24 6.5 25 0.0234 0.806 0.058
25 8.0 25 0.0261 1.235 0.124
26 9.5 25 0.0265 0.746 0.089
27 6.5 30 0.0220 0.571 0.058
28 (Cp)* 8.0 30 0.0326 1.474 0.179
29 (CP)* 8.0 30 0.0326 1.437 0.174
30 (CP)* 8.0 30 0.0326 1.512 0.184
31 9.5 30 0.0352 0.929 0.137
32 6.5 35 0.0443 1.681 0.133
33 8.0 35 0.0407 1.344 0.210
34 9.5 35 0.0429 1.239 0.219
35 6.5 40 NG NG NG
36 8.0 40 0.0343 0.895 0.124
37 9.5 40 0.0339 0.839 0.130

2 CP: Central point; NG: No Growth.
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3.1.2. Combined effect of temperature and pH on M. aeruginosa growth

The combined effect of temperature and pH values on M. aeruginosa
growth was assessed by testing 15 different combinations (Table 4). As
previously mentioned, the light intensity (155 pmol photonsm ™~ 2s~ 1)
and CO, (5.5% (v/v)) conditions at which the maximum P,,,, was ob-
tained were the conditions fixed during the assays for the evaluation of
temperature and pH effects.

According to these results, regardless the pH of culture medium, no
growth was verified at the lowest temperature tested (15 °C). The same
has happened when the highest temperature (40 °C) was applied,
though it was observed just for cultures presenting a slightly acidic
medium (pH 6.5). Conversely, the highest p,,x (0.0443 h™ 1 and X
(1.681 g-L’l) values were achieved in cultures grown at 35°C and
maintaining the pH of growth medium constant at 6.5. These values are
contrasting with [23] where significant inhibition of M. aeruginosa
growth is described as a consequence of acidification of the pH medium
to 6.5. As shown in Table 4, our results suggest that is possible to attain
great performances growing M. aeruginosa cells using pH values of 6.5
in culture medium; nevertheless, this behaviour can possibly occur due
to the higher temperature utilized jointly with the slightly acidic
medium. The highest P,,,, (0.219 gL~ Ld~ 1) was obtained at the same
temperature (35 °C) but using a higher pH (9.5).

Fig. 2 exhibits the contour plot of P, giving a clear idea about the
combined effect of temperature and pH on this parameter.

Statistical analysis (summarized in Table 5) confirmed that linear
term of temperature and quadratic term of pH have statistical sig-
nificance on P4 (p < 0.05), while X, and py,a, were only affected
by the quadratic term of temperature (p < 0.05).

Through the response surfaces (data not shown for ., and Xpnay), it
is possible to say that the combination of temperatures ranging between
28 and 35 °C and culture mediums presenting pH values of 7.5 to 9.0
results in favourable conditions to optimize X4 This idea is not en-
tirely coincident with the results obtained by [27] once the lowest cell
concentration of M. aeruginosa was achieved using pH 7.5, while higher
densities were observed when growth medium presented a pH of 9.2
and 10.5. However, those differences might exist since the assays per-
formed by [27] were carried out solely at 24 °C while our results rely on
the combined use of higher temperatures with pH variation.

On the other hand, to limit M. aeruginosa growth and obtain lower
Xmax Values, the use of temperatures below 17 °C seems to be the best
strategy. Concerning P, behaviour, maximization is potentially ob-
tained by coupling high temperatures (29-38 °C) with pH varying from
8.0 to 9.5. Once again, restrictions in P, might be found if cells are
subject to temperatures lower than 18 °C. A similar reaction is also
observed for p,.x, Which is negatively affected by growths carried out

10.0
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Fig. 2. Contour plot of maximum biomass productivity (Ppax)
determined for the set of temperature (T) and pH combinations
tested. All growths were carried out at 155pumol pho-

tonsm ™~ s~ ! and using a CO,-rich atmosphere (5.5% (v/v)).

Prmax (9.L7d")

> 016
< 0.16
<011
@ < 0.06
B <001

Table 5

Effect estimates, standard errors, and t-test for the effect of combined use of pH and
temperature (T) ON fmax, Xmax» and Ppay according to the 22 full-factorial central com-
posite design. All growths were carried out at 155 umol photonsm™~%*s~ ' and using a
CO,-rich atmosphere (5.5% (v/v)). RMSE and R? associated with each response variable
are also exhibited here.

Variables and Estimated Standard t-Value p RMSE R?
interactions effects errors

Hmax

pH 0.011 0.006 1.793 0.107 0.009 0.789
pH? —0.008 0.010 -0.762 0.466

T 0.005 0.003 1.554 0.155

a2 —0.006 0.002 —3.312 0.009

pPHXT 0.005 0.003 1.430 0.187

Xmax

pH 0.158 0.240 0.660 0.526 0.377 0.718
pH? -0.617 0.413 -1.493 0.170

T 0.065 0.137 0.476 0.645

a2 —0.243 0.072 —3.386 0.008

pPHXT 0.097 0.139 0.700 0.502

Prax

“pH 0.070 0.026 2.719 0.024 0.041 0.815
pH? —0.090 0.045 —2.018 0.074

T 0.023 0.015 1.523 0.162

T2 —0.025 0.008 -3.174 0.011

pPHXT 0.026 0.015 1.716 0.120

@ Significant influence at 95% confidence level.

at temperatures under 17 °C, being the best scenarios observed when
cultures are grown at 29-39 °C in mediums where pH is kept above 8.25
[31]. also studied the influence of temperature (between 27 and 36 °C)
on specific growth rate but in spite of reaching greater values around
36 °C (ca. 0.65d ™ 1), no significant differences were noticed among the
temperatures tested. However, contrarily to what is suggested by these
authors, our results showed that temperature is statistically significant
for Umax, playing an important role in its variation, thus should not be
neglected (Table 5). Furthermore, the ., achieved by [31] represents
nearly half of the value obtained in our study which might be explained
by the influence of the high light conditions applied here (155 umol
photonsm™2%s~1) when compared to their study (60 pumol pho-
tonsm ™~ %s~ 1).

Through the second-order equations (Egs. (9)-(11)) resulting from
RSM fitting, it was possible to obtain the maximum estimated iy,
Xmaxs Pmaxs respectively, and the conditions of pH and temperature
under which they can be reached.
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Different combinations of the independent variables - light intensity, CO, concentration, pH, and temperature — and respective dependent responses of Toxin concentration ([T])

and toxin productivity (Pyn) (mean of three replicates + standard error).

CO,, concentration Light intensity [T] Proxin

(% v/v) (umol photonsm ™ %s~ 1) (ugg of cells™ 1) (ugL='d™hH

0 10 2710.432 + 9.461 114.457 = 0.400

0 55 4790.670 += 973.488 308.629 + 62.715

0 100 1326.684 = 46.330 57.370 = 2.003

2.5 10 2104.432 + 44.088 76.058 = 1.593

2.5 55 1530.736 = 226.745 146.248 + 21.663

2.5 145 8.139 = 0.984 0.464 = 0.056

5 10 2.195 = 0.313 0.091 = 0.013

5 55 3.681 = 0.363 0.200 = 0.020

5.5 155 6.608 = 0.075 0.947 = 0.011

7.5 55 4.836 = 0.114 0.358 = 0.008

7.5 100 4.707 = 0.062 0.310 = 0.004

7.5 145 8.072 = 0.852 0.597 = 0.063

10 55 4.774 = 0.354 0.189 = 0.014

10 100 5.852 + 0.046 0.231 = 0.002

pH Temperature [T] Proxin

Q) (ugg of cells™ 1) (ugL~'d™hH

6.5 35 5.612 = 0.529 0.498 = 0.047

8.0 30 6.716 = 0.667 0.820 = 0.081

8.0 40 8.026 = 0.924 0.694 = 0.080

8.7 34 7.362 = 0.684 0.930 = 0.086

9.5 35 7.901 = 0.530 0.530 = 0.035
e = —1.5 X 1071 + 2.2 X 1072 pH-1.7 X 1073 pH? + 5.0 X 107* T A more clear perception of how different combinations of light in-

—12X10%T2+ 33X 104 pHT )

Xmax = —10.9 + 21 pH — 1.4 X 107! pH? + 2.5 X 107! T — 4.9 X 1073 T?

+6.5x 103 pHT 10)
Buagx = —1.4 + 29 x 107 pH — 2.0 x 102 pH? + 1.8 X 1072 T
—49x10*T2+ 1.7x 103 pHT an

Accordingly to these equations the maximum estimated value for fiq,
(0.0398 h™ 1) can be obtained at 34 °C and pH of 9.4, while the maximum
estimated X, (1.370 gL~ 1) is obtained at 31 °C and pH of 8.2 and P
(0.179 gL~ *d™ 1) is obtained at 34 °C and pH 8.7. Repeating the same
rationale employed for the effects of light intensity and CO, concentration
(see Section 3.1.1), an assay mimicking the estimated optimal growth
conditions found for P, was performed. The experiment was done in
triplicate and the “obtained Pq” (0.186 = 0.027 gL~ *d~ ') was very
similar to the “expected Ppq” (0.179 gL~ d™1).

3.1.3. Combined effect of environmental factors on microcystin production

The assays performed to assess the combined effect of light in-
tensity, CO, concentration, pH and temperature on toxin production, as
well as the respective values obtained for each response variable, are
shown in Table 6.

According to the results presented in Table 6, microcystin concentration
(2.2-4790.7 pg'g of cells™ ) and productivity (0.1-308.6 ugL™*d ™) ex-
perienced a strong variation (2177-fold and 3086-fold, respectively) as re-
sult of the utilization of different combinations of light intensity, CO, con-
centration, pH, and temperature. The results show that the highest [T]
(4790.7 ug'g cells™ ) and Py, (308.6 pgLl™ 14~ were both achieved
using the same growth conditions, i.e. 55 umol photonsm~™2s~ ! and no
additional CO, input to the air stream. These conditions can be regarded as
mild conditions since they are close (in average) to what cells can experi-
ence in natural conditions. It is also possible to conclude that the higher [T]
and P,,,;, were obtained in the assays performed with CO, concentrations
between 0 and 2.5%. Conversely, cultures grown under 10 pmol pho-
tonsm ™ %s~ ! and subjected to a CO,-enriched environment containing 5%
(v/v) presented the lowest values both for [T] (2.2 ng-g-cells™ 1 and Py
(0.1 ugL™ Ld™1). All the lower [T] and P,,,;, were obtained in the growths
performed at high (= 5%) CO, concentrations.
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tensity and CO, concentration might affect [T] and Py, can be vi-
sualized through the contour plot (Fig. 3) built with data from Table 6.

According to Fig. 3A, and confirming the conclusions withdrawn from
Table 6, higher concentrations of toxin are attained by coupling very low to
medium light quantities (below 60 pmol photonsm~ %5~ ') with low levels
of CO, available (0-1% (v/v)). These results are corroborated by [22]
where a sharp decrease was observed for toxin production of M. aeruginosa

cells grown under 8 ymol photonsm ™ %s~ ! when compared to another

ones performed at 65 umol photonsm ™~ >s~ 1,

According to Fig. 3B, Py, also follows the behaviour found for [T]
reaching values > 160 ugL.~ d~ ! under similar growth conditions (light
intensities below 80 umol photonsm™%*s~! combined with CO, con-
centrations never exceeding 1% (v/v)). Lower [T] and Py, are obtained
under high light intensities (> 140 umol photonsm ™~ %s~ ') or combining
light intensities below 100 pmol photonsm~%*s~' with high CO, con-
centrations (> 6% (v/v)). Despite the marked differences observed, the
results do not show a statistically significant effect (p > 0.05) of neither of
the two environmental factors on [T] and Py, (Table 7).

To sum-up, extreme conditions (i.e., very different from natural
environment) like high light intensities but mainly CO,-rich environ-
ments seems to reduce M. aeruginosa toxicity, while conditions that are
more close to the natural environments might be more prone to im-
prove toxin productivity rates.

Regarding M. aeruginosa toxicity changes observed as a result of varia-
tion on temperatures and pH (Table 6), one can see these results are in the
same range as those obtained when high CO, concentrations were applied,
maintaining values below 10 pg-gcells™! and 1pgL~'d~ ' for [T] and
Pioxin, Tespectively. The low values obtained for [T] and Py, in this set of
experiments confirm that despite the combined use of 155 pmol pho-
tonsm ™~ %s~ ! of light and 5.5% (v/v) of CO, being suitable to reach max-
imum Py, (Section 3.1.1), these conditions do not favour the production
and productivity of MC.

Although these variations verified for [T] and Py, are not in the
same magnitude as the ones observed when the influence of light in-
tensity and CO, concentration was tested, the fact is that linear term
and quadratic term of pH were found to have a statistically significant
effect on [T] and P, (Table 8), respectively.

Fig. 4 shows contour surfaces [T] and P,,;, under the effects of
temperature and pH.
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Table 7

Effect estimates, standard errors, and t-test for the effect of combined use of light intensity
(L) and CO; concentration (CO5) on [T] and Py, according to the 22 full-factorial central
composite design. RMSE and R? associated with each response variable are also exhibited
here.

Variables and  Estimated Standard t-Value p RMSE R?
interactions effects errors

1]

CO, —1849.810 814.216 —2.272 0.053 807.307 0.811
(COy)? 1735.780 1237.350 1.403 0.198

L —728.980 573.789 —1.270 0.240

I? - 505.450 518.396 —-0.975 0.358

COy X L 1653.090 892.231 1.853 0.101

Pioxin

CO, —115.908 63.756 —1.818 0.107 63.215  0.690
(COy)? 53.628 96.888 0.554 0.595

L —59.118 44,929 —-1.316 0.225

L? — 60.666 40.592 —1.495 0.173

COy X L 100.675 69.864 1.441 0.188
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Fig. 3. Contour plot of A) toxin concentration ([T]) and, B) toxin
productivity (Poin) determined for the set of light intensity (L)
and CO, concentration combinations tested (n = 3).

[T]-Hg.g cells

. > 3200
@ < 2600
3 < 1800
@ < 1000
@ < 200

Ptoxin - pg‘L.1~d.1

B > 160
<128
B <88
[]<48
il <8

Table 8

Effect estimates, standard errors, and t-test for the effect of combined use of pH and
temperature (T) on [T] and Py, according to the 22 full-factorial central composite
design. All growths were carried out at 155 pmol photonsm ™~ %s~ ! and using a CO,-rich
atmosphere (5.5% (v/v)). RMSE and R? associated with each response variable are also

exhibited here.

Variables and Estimated Standard t-Value p RMSE R?
interactions effects errors

[T]

“pH 2.289 0.681 3.362 0.020 0.681 0.772
pH? —0.481 1.636 -0.294 0.780

T 1.311 0.681 1.925 0.112

T2 0.748 1.567 0.478  0.653

Pioxin

pH 0.031 0.104 0.302 0.775 0.104 0.834
pH? —1.041 0.251 —4.149 0.009

T -0.126 0.104 -1.202 0.283

T2 —0.556 0.240 —2.312 0.069

“ Significant influence at 95% confidence level.
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Among the conditions tested, it is possible to infer through Fig. 4A
graph that the combination of high temperatures with high medium pH
represent allow reaching greater toxin contents (> 8.75 ug-g cells™ ).
These results are not in agreement with other studies reporting that
increases in temperature (15-36 °C) lead to a decrease of toxin pro-
duction [22,31]. On the other hand, [27] evaluated the effect of pH
medium on toxin concentration by M. aeruginosa concluding that higher
pH values (9.2-10.5) have a positive impact in opposition to lower ones
(7.5), which is in agreement with results from Fig. 4A.

Combined use of temperatures below 40 °C and pH values lower
than 7.5 tend to have a negative impact over the amount of toxin
produced (< 5pgg cells™ b. Regarding Py, there is a distinct region
of conditions where high values can be attained (> 1pgL~'d™").
Those conditions were achieved at temperatures between 33 and 36 °C
along with medium pH ranging from 7.5 to 8.5. From the tested com-
binations it was also possible to conclude that the joint effect of 30 °C or
40 °C with extreme pH values (6.5 and 9.5) was found to be responsible
for lower productivities (< 0.0625 pgL~'-d~1).

4. Conclusions

A great impact of the combined effect of light intensity, CO,

10.0

Algal Research 27 (2017) 235-243

Fig. 4. Contour plot of A) toxin concentration ([T]) and, B) toxin
productivity (Pyxin) determined for the set of temperature and
medium pH combinations tested for cultures grown at 155 pmol
photonsm™~%s~! using a CO,-rich atmosphere (5.5% (v/v))

(n = 3).

T]-ug.g cells

875
@ <875
<75
Bl <625
<5

Ptoxln - "g-L.1 d-

10.0

242

B3

< 08125
[ < 05625
@ < 03125
B < 00625

concentration, temperature, and pH, was observed on both Microcystis
aeruginosa growth parameters and MC production. Results suggest that
maintaining cultures under light intensities below 80 pmol pho-
tonsm ™~ %s~ ! and low CO, concentrations (< 1% v/v) provides sui-
table conditions to reach high toxin production. On the other hand, the
combination of high light intensities and CO, concentrations (155 pmol
photons'm ~ 2571 and 7.5% (v/v), respectively) with slightly acidic
environments (pH 6.5) at 30 °C has been pointed as the best condition
to apply when toxin production restriction is needed, indicating a sig-
nificant negative effect over MC synthesis process.

These results constitute significant insights on M. aeruginosa growth
dynamics and MC production, triggering events which can be applied to
predict the response of such cyanobacteria to variations occurring in
their surrounding environment. Additionally, taking into account the
rising expectations on the potential uses of M. aeruginosa, these results
represent useful information as starting point to develop a suitable
strategy in order to optimize growth conditions and, eventually, the
production of its high added-value products.
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