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Comparison of Microcystis aeruginosa (PCC7820 and
PCC7806) growth and intracellular microcystins content
determined by liquid chromatography-mass
spectrometry, enzyme-linked immunosorbent assay
anti-Adda and phosphatase bioassay

V. Rios, I. Moreno, A. I. Prieto, M. E. Soria-Diaz, J. E. Frias and
A. M. Camean

ABSTRACT

Cyanobacteria are able to produce several metabolites that have toxic effects on humans and
animals. Among these cyanotoxins, the hepatotoxic microcystins (MC) occur frequently. The
intracellular MC content produced by two strains of Microcystis aeruginosa, PCC7806 and PCC7820,
and its production kinetics during the culture time were studied in order to elucidate the conditions
that favour the growth and proliferation of these toxic strains. Intracellular MC concentrations
measured by liquid chromatography (LC) coupled to electrospray ionization mass spectrometer (MS)
were compared with those obtained by enzyme-linked immunosorbent assay (ELISA) anti-Adda and
protein phosphatase 2A (PP2A) inhibition assays. It has been demonstrated there are discrepancies
in the quantification of MC content when comparing ELISA and LC-MS results. However, a good
correlation has been obtained between PP2A inhibition assay and LC-MS. Three MC were identified
using LC-MS in the PCC7806 strain: MC-LR, demethylated MC-LR and a new variant detected for
the first time in this strain, [MeSer’] MC-LR. In PCC7820, MC-LR, D-Asp®-MCLR, Dglu(OCHz)-MCLR,
MC-LY, MC-LW and MC-LF were identificated. The major one was MC-LR in both strains, representing
81 and 79% of total MC, respectively. The total MC content in M. aeruginosa PCC7820 was almost
three-fold higher than in PCC7806 extracts.
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Cyanobacteria blooms have been posing a worldwide
environmental issue in recent decades (Shao ef al. 2009).
Not all cyanobacterial blooms are toxic, with the mean fre-
quency of toxic bloom occurrence being 59%. The potency
of blooms can vary substantially according to sites, seasons,
weeks, or even days. These variations could be due to
changes in species composition, to the production of differ-
ent toxins with varying toxicity for each clone, and to the
influence of environmental factors (Robillot et al. 2000).
There is a risk that blooms of these cyanobacteria contami-
nate water supplies that are used for recreation, fisheries,
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agriculture, livestock-watering and for drinking water
(Gurbuz et al. 2009).

Microcystis is one of the most common and widespread
genus of freshwater cyanobacteria throughout the world. In
most cases, it is the dominant component of phytoplankton
in eutrophic lakes. In temperate regions, Microcystis starts
to grow in spring and, after growing exponentially during
summer months, it moves into the stationary phase in late
summer (Vasas et al. 2010). When a Microcystis bloom
occurs, a lot of biomass accumulates at the water surface for
several days. The smallest Microcystis colonies may be
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composed of only a few individual cells, whereas the largest
ones may be composed of thousands of cells (Wu & Kong
2009). Microcystis aeruginosa is the most common and best-
known bloom forming Microcystis and it is the most promi-
nent producer of cyanotoxins called microcystins (MC).
These toxins are contained in Microcystis cells and are
released when these cells die. Usually, cell-bound concen-
trations of MC are several orders of magnitude higher than
extracellular toxins, whose concentrations vary from being
not detectable to about 10% of the total (Jiittner & Liithi
2008). The concentration of dissolved MC may be much
higher in ageing or declining blooms when cell lysis is trig-
gered and the toxins are released to the environment
(Jéahnichen et al. 2007; Jiittner & Liithi 2008; Shao ef al.
2009; Sakai et al. 2009; Zegura et al. 2om). Currently, 80 var-
iants of MC are known and they differ widely in their
abundance and toxicity (Gurbuz et al. 2009). These toxins
have a structure cyclo-(D-alanine-X-D-MeAsp-Z-Adda-D-
glutamate-Mdha) where Adda is (2S,3S,8S,9S)-3-amino-9-
methoxy-2,6,8-trimethyl-10-phenyl-deca-4,6-dienoic acid.
The toxins are named according to the two variable L-
amino acids at positions X and Z. Minor modifications can
occur on the other amino acids, such as demethylation on
MeAsp or Mdha, or esterification of glutamic acid. The most
frequently found MC include the leucine-arginine (MC-LR),
arginine-arginine (MC-RR), tyrosine-arginine (MC-YR) and
leucine-alanine (MC-LA) variants (Gurbuz ef al. 2009; Vasas
et al. 2010). MC-LR is the most toxic MC variant and the
World Health Organization (WHO) has established a guide-
line value of 1 pg/L for drinking water (WHO 1998).

MC inhibit eukaryotic protein phosphatases 1 and 2A,
and are recognized as potential tumour promoters and car-
cinogens: in this sense, the International Agency for
Research on Cancer classified MC-LR as a possible human
carcinogen, group 2B (http://www.iarc.fr/). In the last
decade, evidence has been accumulating showing that MC
induce damage to the DNA, which means that they are gen-
otoxic and can act as tumour initiators. Hence, it is
important to identify the production or potential synthesis
of these toxins in the environment to avoid even low-level
exposure to humans (Zegura et al. 201r1).

To date, several screening and analytical methods have
been developed for cyanotoxin detection and quantification.
Enzyme-linked immunosorbent assays (ELISA) developed

for MC are highly specific, sensitive, quick to perform, inex-
pensive and require minimum sample processing (Gurbuz
et al. 2009). The most common ELISA technique used
(ELISA anti-MC-LR) is based on molecular recognition by
polyclonal antibodies that have good cross-reactivity with
MC-LR (MC-LR), MC-RR and MC-YR, but less reactivity
with the variants MC-LY and MC-LA (Ueno et al. 1996).
This technique has been applied to detect MC in waters,
freshwaters sediments and cyanobacteria cultures (Moreno
et al. 2003, 2004; Babica et al. 2006). In this ELISA tech-
nique, several physicochemical variables (salinity, pH, etc.)
can also produce false positive MC results (Metcalf et al.
2000). Moreover, an indirect competitive ELISA anti-Adda
has enabled the congener-independent detection of MC,
which is based on recognizing Microcystis by specific anti-
bodies and has been used to determine these in water
(Zeck et al. 2001; Fischer et al. 2001) and in fish liver tissues
(Ernst et al. 2005; Moreno et al. 2011).

The protein phosphatase inhibition assay (PPI assay)
was developed on the basis that MC have the ability to inhi-
bit serine-threonine protein phosphatase enzymes. Not all
MC variants react with protein phosphatase enzymes to a
similar extent and the assay is sensitive to protein phospha-
tase inhibitors other than MC, such as okadaic acid (Rapala
et al. 2002; Sevilla et al. 2010).

Confirmatory techniques including liquid chromato-
graphy (LC) with different detectors can be used, which
allow the identification and quantification of individual
MC variants (Gurbuz ef al. 2009). LC-mass spectrometry
(LC-MS) is the preferred technique to identify and quantify
MC, electrospray (ES) interface being the most applied inter-
face for this type of compound in environmental samples.
This technique makes it possible to monitor precisely and
simultaneously various algae toxins in extracts from labora-
tory cultures or algal blooms present in eutrophic waters
(Dahlmann et al. 2003; Camedn et al. 2004).

M. aeruginosa PCC7806 has been frequently used for
different purposes, such as to study how some parameters
can affect the transcriptional response of some genes or
the MC-LR production (Dahlmann et al. 2003; Wiedner
et al. 2003; Jahnichen et al. 2007; Tonk et al. 2009), topology
and toxicity of this strain (Jiittner & Liithi 2008), or physio-
logical response to some chemicals (Shao et al. 2009). In
these studies different analytical techniques have been
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applied (LC coupled with photodiode-array detection LC-
DAD, ELISA, PPI assay, etc.) in order to detect cyanotoxins.
However, no information is available on the MC production
kinetics of this strain determined by LC-MS. Robillot et al.
(2000) carried out a hepatotoxin production kinetic study
of M. aeruginosa PCC7820 employing PP2A inihibition
assay and LC-MS technique.

The aim of this work was to study MC production kin-
etics of two M. aeruginosa strains (PCC7806 and
PCC7820) during the growth period. Biomass and toxins
production were measured along with growth in controlled
cultures. LC-MS was used to identify and quantify the intra-
cellular MC production of both strains. In the present study,
it has been detected for the first time in M. aeruginosa
PCC7806, a MC identified as [L-MeSer’] MC-LR. Moreover,
intracellular MC concentrations were measured by three
techniques: LC-MS, ELISA anti-Adda and PP2A inhibition
assay in order to compare them.

MATERIALS AND METHODS

Cyanobacteria culture

M. aeruginosa PCC7806 was used in this study in order to
establish for the first time its MC production kinetics deter-
mined by LC-MS since no information has been available.
M. aeruginosa PCC7820 was used to compare the MC pro-
duction between strains of the same cyanobacteria species
cultivated under the same conditions.

Axenic cultures of both planktonic cyanobacteria strains
(M. aeruginosa PCC7820 and PCC7806) were obtained from
the Pasteur Culture Collection. Both of them were main-
tained in sterilized 250 mL Erlenmeyer flasks containing
100 mL of BG11 medium (+1M K,HPO43H,0 + 5 mM
NaNOs + 12 mM NaHCOs) at 30 "C under continuous illu-
mination with an intensity of 28 umol photons m ?s*
provided by cool white fluorescent tubes. Sterile air was
bubbled through the culture medium. Once cultures reached
1.5 + 0.2 units of optical density (OD), they were transferred
to bottles containing 20 L of BG11 medium. An OD =0.1
was set (time 0) as the initial culture density for each
growth period, according to Preupel ef al. (2009).

The M. aeruginosa density of both cultures was obtained
by microscopic counting of samples collected at intervals of
72 h for 21 days. Aliquots were taken and preserved in
Lugol’s solution for cell counting. Cell density was measured
on 1 mL samples using Sedgewick-Rafter chambers and an
inverted microscope (Olympus CKX41) according to the
Throndsen (1995) method. After the period of 21 days, cul-
tures were harvested and concentrated by continuous
centrifugation (23,428 g). The concentrated biomass was
preserved at —80 °C until lyophilization. The cyanobacterial
biovolume of the samples was used to estimate the biovo-
lume related to toxin concentrations of the different
cultures.

In addition, growth was monitored by measuring optical
density at 680 nm (Wu ef al. 2009) and chlorophyll a.
Measures of chlorophyll a were made following the MacKin-
ney (1941) method. Growth rates were calculated from OD
values of the cultures measured photometrically at
680 nm. The OD was determined in 1.5 mL aliquots of cul-
ture taken at intervals of 72 h throughout the study. Specific
growth rates were calculated according to the equation (Wu
et al. 2009):

u= (ll’lOD2 — anDl)/tz -4

Intracellular MC extraction

A subsample of 100 mL of a cell suspension was removed
for analysis at each sampling time (72 h). Cells and culture
media were separated by filtration through glass fibre
APFC 47 mm discs (Millipore). Discs obtained at each
sampling time and the concentrated biomass obtained at
the end of the study were lyophilized prior to the extraction
of the MC, which was carried out according to Moreno et al.
(2004), using 0.1 M acetic acid and a mixture of methanol/
chloroform (1:1 v/v) solution. After sonication in an ultra-
sound bath for 15 min and stirring for 30 min at room temp-
erature, the cell suspensions were centrifuged. For a
quantitative extraction of the toxins, this procedure was per-
formed twice. The toxin-containing fractions were eluted in
0.5 mL of methanol. The final extract was divided into three
aliquots, one of them was directly injected into the LC-MS to
identify and quantify the MC present in the samples, and the
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other two were dried and resuspended in water in order to
analyse the intracellular MC content by ELISA anti-Adda
and PP2A inhibition assay.

ELISA anti-Adda assay

For determination of the intracellular MC by ELISA, a com-
mercially available competitive anti-Adda ELISA kit
(Abraxis LLC, USA) was used. This assay uses an antiserum
raised against the unique C20 amino acid Adda, which is
common to all MC variants. The main reason to employ
this anti-Adda ELISA assay to detect MC is because of the
high variability of compounds that might be found in the cul-
tures. Detection based on ELISA anti-MC-LR is limited to
the hepatotoxins MC-LR, MC-LA, MC-RR, MC-YR and
nodularin, which are known to have cross-reactivity (Wied-
ner ef al. 2003). Samples were analysed according to the
manufacturer’s instructions, previous calibration and verifi-
cation with a control standard. The negative control, the
standards and samples were all analysed in duplicate. Micro-
titre plates were read at 450nm and B, values (%)
calculated. Results were expressed as micrograms of MC/L.

Protein phosphatase 2A inhibition assay

PP2A inhibition assay was made using a commercially avail-
able kit (MicroCystest, Zeu-Inmunotec S.L.) following the
Sevilla et al. (2010) method. The assay is based on the degra-
dation of p-nitrophenyl phosphate into p-nitrophenol.
Inhibition rate is directly related to the absorbance at
405 nm measured by a plate reader (Titertek Multiskan).
MC concentration was obtained by reporting the inhibition
rate on a standard MC-LR calibration curve. The calibration
curve was determined using inhibition percentages and log-
transformed concentrations of MC-LR standards, and used
to calculate toxin concentrations (MC-LR equivalents,
pg/L) of unknown samples.

Chromatographic conditions

Chromatographic separation was performed using a Perkin-
Elmer Series 200 LC system coupled to an Applied Biosys-
QTRAP LC-MS/MS
quadrupole-linear ion trap mass spectrometer equipped

tems system consisting of a

with an electrospray ion source. Analytical column was a
LiChroCART 250-4 reversed-phase column with a particle
size of 5 um (Merck kGaA). The flow rate was 0.4 mL/min.
Chromatographic separation was performed using a binary
gradient consisting of (A) water, and (B) Acetonitrile. Both
components contained 0.05% trifluoroacetic acid (v/v). The
elution profile was: 35% B (2 min), 35% up to 65% B
(15 min), 65% B (5 min), 100% B (3 min). Injection volume
was 10 uL. Single ion monitoring (SIM) experiment was
applied for the detection of MC, where selected ions were
monitored at Q1 (m/z 995.6 for MC-LR, m/z 981.5 for [D-
Asp’]MC-LR, m/z 1013.6 for [MeSer’]MC-LR, m/z 1009 for
Dglu(OCH3)MC-LR, m/z 1002.5 for MC-LY, m/z 1025.5
for MC-LW and m/z 986.5 for MC-LF). The ion source was
operated in positive mode. The capillary voltage and declus-
tering potential were set to 5,500 and 105V, respectively.
Curtain gas, nebulizer gas (gas 1) and heater gas (gas 2)
were 35 psi, 60 psi and 60 psi, respectively, and the Turbop-
robe temperature was maintained at 350 °C.

Chemicals

All reagents were of LC grade or analytical grade. Methanol,
acetonitrile and trifluoracetic acid were purchased from
Merck. LC-quality water was obtained by purifying deminer-
alized water in a Milli-Q filtration system (Millipore). MC-
LR, MC-RR and MC-YR standards were supplied by Alexis
with a purity of 99%.

RESULTS AND DISCUSSION
Cyanobacterial growth

Triplicate measures of cellular biomass, chlorophyll a and
OD were performed in order to study the cyanobacterial
growth. The growth dynamics were different between both
strains (Figure 1(a)). The stationary phase of PCC7806 was
not observed after 21 days, whereas PCC7820 reached this
point after 12 days. The growth during the culture time of
PCC7806 was higher than PCC7820 (1.7-fold) with a maxi-
mum cellular concentration of 6.22x 10”cells/mL and
3.68 x 10”cells/mL, respectively. Robillot et al. (2000) also
observed that PCC7820 achieved the stationary phase after
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Figure 1 | Comparison of the cell growth of both strains (PCC7806 and PCC7820) during 21 days of culture (a) and quantification of number of cells, levels of chlorophyll @ and OD of both Q4
strains (b) PCC7806 and (c) PCC7806. Values are given as means + standard deviation (n = 3).

12 days reaching a maximum cellular dry weight of 60 mg, the growth estimation as previously stated by Wang et al.
corresponding to 600 mg/L. On the other hand, the (2010). In the present study, we observed that chlorophyll a
growth of PCC7806 was studied by Shao et al. (2009) content showed an increasing trend with increasing growth
during 10 days of culture, obtaining a maximum level of  (number cells/mL) of the strain PCC7806 in agreement
cells of 4x10” cells/mL. Sevilla ef al. (2010) also studied with the results observed by Downing et al. (2005). However,
the growth of this strain obtaining different growth curves this trend was not clear in M. aeruginosa PCC7820 in our cul-
depending on the nitrogen availability. Thus, with 2mM of  ture conditions. The maximum quantification of cell numbers
nitrate (Pasteur Institute recommendations) the maximum for this strain did not correspond to the highest chlorophyll a
concentration of cells was ~4x 107 cells/mL and with content (Figure 1(c)).
20 mM (nitrate excess) an outstanding growth of the cells During the study period (21 days) the maximum chloro-
(~6 x 107 cells/mL) was observed after 15 days of culture. phyll a level in PCC7806 culture was reached after 21 days
In our study, at 5 mM NaNOs; the quantification of cells (4 ug/mL), together with the highest cell number. In
after 15 days of culture was 4 x 107 cells/mL for PCC7806. PCC7820, the highest level was reached at day 9 (2 pg/
Culture growth of M. aeruginosa PCC7806 and PCC7820  mL), whereas the maximum cell number was reached after
was followed using three different parameters: quantification 12 days. In our culture conditions, both strains reached
of number of cells, levels of chlorophyll a and OD. The vari- lower levels of chlorophyll a at 15 days (2.7 ug/mL
ation of M. aeruginosa PCC7806 growth is synchronous with PCC7806, 1.37 ug/mL PCC7820) than those reported by
chlorophyll a levels (Figure 1(b)), which could be useful for Sevilla et al. (2010) with PCC7806 (~5.3 ug/mL). However,
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our results agree with the levels obtained by Wu et al. (2009)
who observed that the chlorophyll a concentration of
PCC7806 increased with time (~4 pg/mL at 20 days).

Specific growth rates under the given conditions ranged
from 0.21 to 0.033 d ' and 0.25 to 0.004 d~* for PCC7806
and PCC7820 strains, respectively. The growth rates of
both strains decreased during the cultivated period and
were similar to those calculated by Wu et al. (2009) for
Microcystis PCC7806 after 20 days of culture.

Comparing the three parameters measured, cell num-
bers, chlorophyll a and OD, we found that chlorophyll a
correlated well with OD and with cell number in the
PCC7806 strain. However, for the PCC7820 strain, chloro-
phyll a correlated better with OD rather than with cell
number. Thus, under our conditions, the results for these
three parameters are not always consistent with each other.

Identification and quantification of MC produced by M.
aeruginosa PCC7806 versus PCC7820

LC-MS was used to separate and identify MC in the cellular
extracts of both strains. Since MC are mainly accumulated
within the cell and extracellular toxins only contributed
marginally to the total MC concentration (Jénichen et al.
2007; Jiittner & Liithi 2008; Shao et al. 2009), we determined
intracellular MC content.

The chromatogram of the Microcystis PCC7806 extract
shows three MC (Figure 2(a)), one of them being identified
for the first time in this strain. The assignation of the ions
obtained from the fragmentation of MC is presented in
Table 1. The majority was MC-LR at m/z 995.6, representing
81% of total MC (Figure 2(a)). This toxin was identified
using its respective commercial reference. The compound
detected at 981.5 Da corresponds to a demethylated MC-
LR (D-Asp>-MCLR). The presence of both MC in extracts
from Microcystis PCC7806 has already been described in
previous studies; however, their objective was to study the
impact of some parameters in the MC production (Downing
et al. 2005; Jahnichen et al. 2007; Sevilla et al. 2010), but no
MC production kinetic during growth was described. The
third compound was detected at m/z 1013.6, which has
been detected for the first time in this strain, and could cor-
respond to a MC-LR variant with methyl serine (MeSer) at
position 7 ([L-MeSer’] MC-LR), which has been identified

previously by del Campo & Ouahid (2010) in M. aeruginosa Q3

UAM 1303 strain. It should be noted that serine is the bio-
synthetic precursor of dehydroalanine, so this toxin
together with the desmethylated MC-LR could be biogenetic
precursors of LR (Namikoshi ef al. 1992).

Moreover, the complete identification of six different
MC in Microcystis PCC7820 has been performed (Figure 2
(b)). This analysis confirmed the presence of MC-LR, D-
Asp>-MCLR, Dglu(OCH3)-MCLR, MC-LY, MC-LW and
MC-LF. Table 1 shows the monoisotopic m/z ratios of
[M + H]* ions for all these MC. The MC profile of Microcys-
tis PC7820 observed in this study was similar but not
identical to that described by Lawton et al. (1994). In this
sense, MC-LM detected previously by these authors was
not identified during the present work and D-Asp>-MCLR
observed in the present study was not detected by these
authors. The relative abundance of MC-LR (79%), the
major variant detected, agrees with the percentage pre-
viously found by Lawton ef al. (1994). Moreover, Bateman
et al. (1995) identified seven MC variants, MC-LR being pre-
dominant; MC-VF and MC-AR were also detected, but D-
Asp>-MCLR was not identified. Robillot et al. (2000) have
reported the presence of three new variants, desmethylated
MC-LW, desmethylated MC-LF and MC-LL, which we did
not observed. According to these authors, MC-LR, MC-LW
and MC-LF were the major toxins, whereas in the present
study the main toxins were MC-LR, D-Asp>MCLR and
Dglu(OCHj3)-MCLR. The discrepancy between the MC pro-
files could be due to differences in the methods used for MC
extraction, purification, LC-MS determination, as well as in
culture conditions (del Campo & Ouahid 2010).

The total amount of MC was estimated by measuring the
area of the highest UV absorption peaks at 238 nm. However,
only the commercial standard of MC-LR was available imply-
ing that, theoretically, only this toxin could be quantified.
Consequently, according to Robillot ef al. (2000), we approxi-
mated that UV absorbance coefficient at 238 nm is identical
for all MC, as it has been verified for the three available stan-
dards (MC-LR and MC-RR/MC-YR not detected in this
study). Thus, quantifications were made using MC-LR cali-
bration curves, admitting a systematic error in the case of
tryptophan and tyrosine containing MC.

The quantification of the intracellular MC identified in
both strains at the end of the period of culture is shown in
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Table 2. The total MC content detected in M. aeruginosa
PCC7820 was higher than in PCC7806 extracts (~3-fold).
When MC-LR levels in both extracts are compared this pro-
portion, 498,000 + 54,780 ng MC-LR/g and 166,000 +
21,580 ng MC-LR/g, respectively is confirmed. However, this

proportion increased significantly (~9-fold) in D-Asp>-MC-LR
levels (92,000 + 10,120 ng/g versus 10,600 + 1,378 ng/g),
the other common MC in both strains. The differences in
the MC production between strains of the same cyanobac-
teria species have been previously observed by other
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Table 1 | Monoisotopic m/z ratios of [M +H]" ions for different MC

MC ascription Molecular mass m/z values
M. aeruginosa PCC7806

MC-LR 994 995.6
D-Asp>-MC-LR 980.5 981.5
[MeSer’IMC-LR 1,012 1,013.6
M. aeruginosa PCC7820

MC-LR 994 995.6
D-Asp>-MC-LR 980.5 981.5
Dglu(OCH3)-MC-LR 1,008.5 1,009.5
MC-LY 1,001.5 1,002.5
MC-LW 1,024.5 1,025.5
MC-LF 985.5 986.5

Table 2 | Quantification by LC-MS of intracellular MC identified in PCC7806 and PCC7820
at the end of the study (21 days)

MC Intracellular concentration (ng/g)

PCC7806 PCC7820
MC-LR 166,000 (21580)* 498,000 (54,780)*
MC-LF 3,600 (396)?
MC-LW 6,580 (724)*
MC-LY 10,000 (1,100)*
[MeSer/]MC-LR 33,600 (43,68)*
D-Asp>-MC-LR 10,600 (1,378)* 92,000 (10,120)*
Dglu(OCH;)LR 16,460 (1,811)*
Total MC 210,200 626,640

aStandard deviation (n = 3).

authors in cultures of different strains from M. aeruginosa
(Ohtake et al. 1989).

Toxin production kinetics

Intracellular MC concentration was studied by LC-MS,
ELISA anti-Adda technique and the PP2A inhibition assay
during the study period (21 days). For the strain samples
of PCC7806, analysis of MC by LC-MS and PP2A inhibition
assay gave lower values than ELISA anti-Adda (Figure 3(a)).
The maximum levels of MC were reached at day 15 (400.6 +
52.1 ug/L by PP2A inhibition assay; 356.4 + 46.3 ug/L by
LC-MS) and 21 (417.3 +54.2ug/L by PP2A inhibition

Intracellular MC

(@) PCC7806
—e— FP2A Inh. Assay
—a—HISA
2500 4 —A—LCVS
2000
o 1500 -
=]
= 1000
500
3 6 9 12 15 18 21
Days
(b) Intracellular MC
PCC7820
—e— PP2A Inh. Assay
2500 - —a—ELISA
—A—LCMS
2000 -
1500 A
=
[~}
-9
1000 A
500 4
0 3 6 9 12 15 18 21

Days

Figure 3 | Levels of MC detected by LC-MS, ELISA anti-Adda and PP2A inhibition assay in Q6

samples from (a) PCC7806 strain and (b) PCC7820 strain. Values are given as
means = standard deviation (n = 3).

assay; 347.5 + 36.2 ug/L by LC-MS). The levels of MC calcu-
lated by ELISA anti-Adda were higher than MC detected by
the other two techniques, with maximum concentrations
observed at day 9 (2151.6 +97.4ug/L) and at day 15
(1997.7 = 110.9 pg/L), and showing significant decreases at
days 12 (866 = 112.65 ug/L) and 21 (853.0 + 200.0 ug/L).

In addition, the maximum concentrations obtained from
samples of the PCC7820 strain were similar with the PP2A
inhibition assay (1086.0 = 66.4 ng/L) and LC-MS (981.0 +
17.9 ug/L) techniques, and an overestimated MC concen-
tration was detected with ELISA anti-Adda assay
(1879.0 = 106.2 ug/L) (Figure 3(b)). The intracellular MC
concentrations during the study period showed the same
trend with the three techniques employed.

The mean levels of intracellular MC detected by ELISA
were higher than those obtained by LC-MS; these differ-
ences were more marked in PCC7806 samples (4-fold)
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than in the case of PCC7820 (2-fold). An overestimation in
the amounts of MC detected by ELISA in comparison
with LC-UV was previously reported in our laboratory in
natural blooms from the Guadiana River (Moreno et al.
2005). Similarly, the comparison of LC-MS, ELISA and
phosphatase assay for the determination of MC in cyanobac-
teria products revealed that the LC-MS/MS results were
significantly lower than biochemical assays (Lawrence
et al. 2001). Rapala et al. (2002) compared the suitability of
ELISA and LC-UV to detect different toxin variants using
several matrices (pure toxins, laboratory cultures, water
and bloom samples of toxic cyanobacteria). According to
these authors, despite the possible overestimation of toxin
concentrations with LC in standard toxins, the analyses of
the field samples gave lower values than ELISA assay. All
these results are in agreement with those obtained by Till-
manns ef al. (2007) who reported that results measured by
ELISA were higher than those obtained by LC-DAD (4-
fold). They suggested that this difference may depend on
the number of MC variants being produced iz situ. The over-
estimation in MC concentrations observed with the ELISA
assay cannot be only due to the matrix effects, because
when using extracts the organic compounds are concen-
trated and may interfere with the results. On the contrary,
other authors, such as Gurbuz et al. (2009), have found a
positive correlation between ELISA and LC-DAD results
for MC-RR and MC-LR, although the ELISA results for
MC-LF and LW were almost 6-fold lower than the LC
results. In this sense, Mikhailov ef al. (2000) also detected
lower values of MC by ELISA than those determined by
LC-DAD. The correlation between the ELISA and LC-
DAD analyses of the MC in sediment samples was studied
by Babica et al. (2006). Although the results from both
methods were in agreement for higher MC concentrations,
only weak correlation was observed below 0.1 ug/g, which
may reflect the generally higher variability in the ELISA
results. In conclusion, we can say that the ELISA assay is
not a suitable method for quantification of MC due to the
larger variation observed when it is compared with another
technique such as LC-DAD or LC-MS. Indeed, it would be
necessary to validate the ELISA assay in order to set up a
reliable cut-off for detecting MC in culture extracts to dis-
criminate between false positives, false negatives, true
positives and true negatives (Moreno ef al. 2011).

Intracellular MC production measured by PP2A inhi-
bition assay did not show variations as consistent as the
above relating between ELISA and LC. The maximum con-
centration calculated by the PP2A inhibition assay in both
strains is slightly higher than that measured by LC
(417.3 £ 54.2 ug/L versus 347.5 +36.2ug/L in PCC7806
and 1086.0 + 66.4 ug/L 981.0+179ug/L in
PCC7820). To understand these slight differences, a corre-
lation diagram was established, displaying the MC content

VErsus

from the PP2A inhibition assay as a function of the MC con-
centration from the LC-MS analysis for both strains
(Figure 4). The diagrams have a linear trend and the
slopes correspond to the ratio « calculated following this for-
mula (Robillot ef al. 2000):

a = [equivalent MC-LR] by PP2A inh. assay
[total MC] by LC

Its value would theoretically be equal to 1 if the sample
contained only hepatotoxins that inhibit PP2A as much as
MC-LR (Robillot et al. 2000). In our study, the calculated
values are 1.06 = 0.50 and 1.10 + 0.19 for PCC7806 and
PCC7820, respectively. Consequently, such linear trends
suggest that o is not time-dependent, indicating that MC
composition might be stable over the growth period in
both strains. LC-MS analysis showed that the proportion

(a) PCC7806
__ 500
-
B 400
B 300
5
£ 200
2]
= 100
Q
- 04 . . . . . \
0,00 10000 20000 30000 40000 50000 600,00
PP2A inh. assay [ugiL)
b
(,_) PCC7820
-
-g 1200
= 1000
E 800
% 600 o
E
E 400 ©
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PP2A inh. Assay (ugiL)

Figure 4 | Correlation between intracellular MC concentrations measured by LC-MS and Q7

by the PP2A inhibition assay in samples from (a) PCC7806 and (b) PCC7820
strains (n =3).
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of MC-LR in PCC7806 varied between 70.5% and 88.2%
during growth, and in PCC7820 the range was 79.4-80.1%.

Our results have demonstrated that the choice of
analytical procedures to measure MC content can cause dis-
crepancies in the quantification of these cyanotoxins when
comparing ELISA and LC-MS results. However, a good cor-
relation has been obtained between PP2A inhibition assay
and LC-MS. All these methods are based on different prin-
ELISA test measures the total
concentration of the sample, while the PP2A inhibition

ciples. The toxin
assay assesses its total potential toxicity. In the case of LC-
MS, individual MC can be separated and recognized on
the basis of their retention times and mass spectra (Rapala
et al. 2002).

Comparison of intracellular toxin production between
both strains during culture

Intracellular MC concentrations were not constant during
the culture period in both strains (Figures 5(a) and 5(b)).
This fact was mainly observed in the M. aeruginosa

—eo— fgMCicell MS
—a— fgMClcell PP2A

@) PCC7806

25

fgMCicell
o

3 6 I 9 12 . 15 18 I 21

Days
—e—fgMClcell MS
—a— fgMClcell PP2A

(b) PCC7820

120
100
80
60

40
20

fgMCicell

3 6 9 12 15 18 21
Days

Q8 Figure 5 | Levels of MC per cell (fentogram/cell) in samples from (a) PCC7806 and (b)

PCC7820 strains during the studied period. Values are given as means +
standard deviation (n = 3).

PCC7820 strain (Figure 5(b)). The cell quota (fentogram/
cell) varied within this strain during culture growth. The
highest concentration of toxins by cell was reached at the
beginning of the exponential growth phase (6 days) with a
value of 87 + 6.5 fgMC/cell measured by LC-MS and 97 =
6.7 fgMC/cell with PP2A inhibition assay. During the
stationary phase the MC levels by cell decreased consider-
ably down to levels of approximately 17 fgMC/cell
detected by both techniques. In the decline growth curve
phase (12-21 days), an increased in the MC concentration
by cells was observed, reaching 70 + 6.3 to 78 + 7.6 f{gMC/
cell after 18 days of culture.

Concerning the results obtained for PCC7806, slight
variations in the MC levels by cell overall by PP2A inhi-
(Figure 5(a)). The
maximum concentration of fgMC/cell detected by LC-MS

bition assay have been detected

was ~10 fgMC/cell during the exponential growth phase,
and the minimum level was 5.3 + 0.9 f{gMC/cell at day 9,
just at the end of the exponential phase and at the beginning
of the stationary phase. The MC cell quota in M. aeruginosa
PCC7806 is lower than in PCC7820 (~9-fold). In both
strains, the maximum MC production took place at the
beginning of the exponential growth curve in our conditions.
Robillot et al. (2000) studied the MC production kinetics of
M. aeruginosa PCC7820, observing that the maximum intra-
cellular MC concentration was reached at day 7. In this
study, the stationary phase was reached after 12 days of
culture.

Considering these results, it can be confirmed that the
toxicity of toxic Microcystis cells is variable and dependent
on the strains used and the culture conditions. It implies
that the comparison of toxin production between different
species or strains should consider their production kinetics.

CONCLUSION

The comparative study of MC production during the culture
period of two strains of M. aeruginosa (PCC7806 and
PCC7820) has shown that the majority of intracellular MC
production was observed during the exponential growth
phase. In the present study, for the first time a new MC
has been identified ([MeSer’]) in the M. aeruginosa
PCC7806 strain. The MC production and the MC cell
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quota during the culture period in PCC7806 were lower
than in PCC7820 (3-fold and ~9-fold, respectively). In both
cases, MC-LR was the predominant toxin detected. In both
strains, the maximum MC production was observed at the
beginning of the exponential growth curve under our con-
ditions. In this study, a good correlation has been
demonstrated in MC levels determined by PP2A inhibition
assay and LC-MS in both strains that were considered
during the culture period.
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