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Influence of solar and geomagnetic activity in Gymnodinium catenatum 
(Dinophyceae) cultures
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Abstract. Laboratory cultures of the paralytic shellfish poisoning producing microalga Gymnodinium 
catenatum were subjected to a hypo-osmotic shock and changes in cell concentration were observed 
in two separate experiments of 8 and 24 hours duration, respectively. The increase in geomagnetic 
activity (GMA), radio and X-ray fluxes and solar X-ray flares were negatively correlated with cell 
numbers. Cell losses were observed in the short experiment, but not in the longest one. GMA ac-
tion was related to the course of the experimental period, while electromagnetic radiation (EMR) 
was only significantly related when the previous hours before the experiments were considered. The 
differential action windows might be indicative of two differential disruptive mechanisms: EMR 
might act on DNA synthesis and mitosis phases of the cell cycle (taking place in the dark period) and 
GMA might be more disruptive at the end of mytosis or cytokinesis phases taking place in the light 
period. Formation of long chains (>4 cells/chain) was reduced with salinity and with temperatures 
above 27°C but increased with EMR and GMA, particularly when grown at the highest temperatures 
recorded during the study period (≥28°C).
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Introduction

Gymnodinium catenatum Graham is a  marine athecate 
chainforming dinoflagellate. Along with a  few other 
dinoflagellates and cyanobacteria, it is a known producer 
of paralytic shellfish poisoning toxins (PSTs) (Orr et al. 
2013). Its bloom can lead to contamination of bivalve mol-
lusks with PSTs, which in turn originate the human acute 
neurological syndrome, known as PSP (paralytic shellfish 
poisoning) (FAO 2004).

For protection of human consumer’s, natural shellfish 
beds and aquaculture sites are closed to harvest during 

events of harmful algal blooms (HABs) such as this one, 
which in turn reduces the income of related professional 
activities (Rodríguez et al. 2011). This draws a strong at-
tention and interest in the study of HAB phenomena, but 
not always HAB recurrence is easily understood. This is 
the case with occurrence of Gymnodinium catenatum, the 
main PST producing microalgae at the northwest Atlantic 
Iberian coast: it shows a  large intra-annual variability, 
but a contrasting more predictable summer to autumnal 
seasonality (Pazos et al. 2006; Vale et al. 2008; Pitcher et 
al. 2010). The seasonal trend of high severity blooms fol-
lows the reduction in solar exposition from the summer 
towards the winter solstice (Vale 2013), typical from mid 
to high latitude zones. This could be due to reduction in 
deleterious effects from excessive ultraviolet (UV) radia-
tion. This microalga requires strong protection in the UV 
range, particularly in the near-UVA, which is provided 
by the mycosporine-like amino acids (MAAs) (Jeffrey 
et al. 1999; Vale 2015a, 2015b). These photoprotector 
molecules are all nitrogen-containing compounds (Sinha 
et al. 1998), but in turn nitrogen is generally a  limiting 
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nutrient in oceanic seawater (Moore et al. 2013), thus 
probably restricting blooming to seasons with less UV 
exposure. G. catenatum growth is also limited under 
low temperatures, generally at 14°C or below for Iberian 
strains (Bravo and Anderson 1994). Water temperature is 
higher during summer to autumn and low temperatures 
in December (mean below 14.5°C) indeed restrict blooms 
as these generally terminate past November, although 
shellfish contamination still remains for another month 
or more (Vale et al. 2008; Vale 2013).

However, these cycling parameters fail to explain why 
large blooms sometimes can take place in successive years 
or can be absent by contrast for almost a decade (Pazos et 
al. 2006; Vale et al. 2008). Recently, Vale (2013) hypoth-
esized this intra-annual variability was related to solar 
and geomagnetic activity (S-GMA). A statistical study of 
data gathered from PSTs accumulated in mussels from the 
northwest of Portugal since 1986, showed the accumulation 
of PSTs originating from G. catenatum was significantly as-
sociated with low levels of solar activity (sunspot number 
and solar radio flux in the microwave range) and also low 
levels of the Aa geomagnetic index (a measure of geomag-
netic activity).

However, PST’s levels derived from G. catenatum in 
bivalves from the Portuguese south coast were not statisti-
cally associated with low sunspot number. A  statistically 
significant association with low Aa geomagnetic index also 
was not achieved, due to the low number of occurrences, 
although the 25–75 percentile was restricted to low Aa 
indexes in a similar way to that found for mussels from the 
NW coast (Vale 2014).

The influence of geomagnetic activity seems a common 
denominator for large blooms to take place at both the NW 
and south coasts. When we compare maximal monthly oc-
currence of PSTs in mussels from the NW coast with the 
environmental parameters discussed above, geomagnetic 
index emerges as more relevant than seawater temperature 
or near-UVA radiation at noon for large contaminations to 
take place (Fig. S1).

The influence of natural electromagnetic fields (EMFs) 
on a variety of living beings, such as fluctuations in geo-
magnetic activity, has been noted by several researchers 
(Héroux 1979; Bureau and Persinger 1992; Bureau et al. 
1996; Izmaylov et al. 2005; Bondarenko and Evstafyev 2006; 
Babayev and Allahverdiyeva 2007; Galic and Persinger 
2007; Hu et al. 2009; Kolesnikov et al. 2009; Krylov et al. 
2013; Shaposhnikov et al. 2014), but is still largely ignored 
by the scientific community.

The aim of this research was to find in vitro evidence for 
possible effects from S-GMA in this microalga in order to 
better understand its natural blooms and their relation with 
the solar cycle. The experimental design emerged from the 
continuation of a  previous set of experiments targeted at 

understanding the role of MAAs in osmoregulation (Vale 
2016). It involved the introduction of a hypo-osmotic shock 
to G. catenatum in culture. As EMFs can alter activity of ion 
channels, specifically the voltage-gated calcium channels 
(reviewed in Pall 2013), it was initially thought that a strategy 
that created an ion unbalance could enhance effects derived 
from S-GMA.

Materials and Methods

Culturing conditions

The G. catenatum strain used in this study, IO.13.04, was 
from the algal library of the Instituto de Oceanografia, 
Lisbon University. It was originally collected offshore from 
the Espinho coast in September 2005 and isolated from 
a 2-cell chain.

A bulk culture media stock was prepared by filtering sea-
water collected from Cascais Bay on a 20 µm sieve. Salinity 
was measured with a visual hand-held refractometer (Index 
Instruments, Ramsey, UK) adjusted with demineralized 
water as required, enriched with f/2 nutrients, with extra 
10–8  M  selenium and no silica (f/2+Se media). The bulk 
culture media was kept refrigerated in the dark. When re-
quired, aliquots were sterilized in an oven at 80°C for 1 hour 
prior to any experiments. Duran® GL45 borosilicate bottles 
were used for maintaining stock cultures and experiments. 
Bottles were capped with polystyrene Petri-dishes halves, 
thus allowing light to pass through vertically.

Two lighting facilities were used as described before, 
placed in a cool basement floor without air-conditioning, 
located at sea-level altitude (Vale 2015b). The halogen facility 
(HAL-room) consisted of overhead vertical illumination with 
halogen spots providing a 12:12 hour light:dark cycle. Spots 
supplied halogen light with a  50 W-equivalent (OSRAM, 
HALOPAR ECO, 42 W, GU10 type). Distances of spots to 
shelf were 57 cm. Photosynthetic active radiation (PAR) was 
measured at the shelf level with a Li-Cor light meter (Li-Cor, 
Nebraska, USA). PAR was 43 µmol m–2 s–1 at the centre of 
the spot focus. Maximal water temperature, observed at the 
end of the daily light period, was displayed in Fig. 1C.

The fluorescent facility (FLU-room) consisted of overhead 
vertical illumination with a bank of four 18 W Osram’s cool 
white fluorescent tubes (590 mm, light color 840), in a 12:12 
hour light:dark cycle synchronized with the HAL-room, 
providing a PAR of 24 µmol m–2 s–1. Distances of light tubes 
to shelf were 50 cm. In both sets, lamps were mounted on 
wood frames attached on top of wooden tables for avoiding 
ferromagnetic material creating static magnetic fields in close 
proximity to the cultures.

For cell counts, triplicate 4–5 ml subsamples were taken 
into 10-ml glass tubes, preserved with 40 µl of Lugol’s iodine 
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Figure 1. Changes in cell concentration in Experiments 1 (left) and 2 (right) versus mean an geomagnetic index (A and D), solar radio 
flux (B and E). C., F. Percentage of cells in long chain formation at the experiment start versus maximal water temperature (n = 30 in 
A–C and n = 50 in D–F).

solution (diluted 1:1 with water) and counted in 96-well mi-
cro plates (4*50 µl/sample) using a stereo microscope (model 
MZ7s, Leica Microsystems, Wetzlar, Germany). The number 
of cells per chain was recorded in all cases. Homogenization 

was performed by gentle hand flipping in order to preserve 
information of chain composition. When the coefficient of 
variation of triplicate tubes surpassed 15%, the outlier tube 
was gently homogenized and counted again.

1

Fig. 1. Changes in cell concentration in Experiments 1 (left) and 2 (right) versus: a) & d) 

mean an geomagnetic index, b) & e) solar radio flux. c) & f) Percentage of cells in long 

chain formation at the experiment start versus maximal water temperature (N = 30 in a)-c) 

and N=50 in d)-f)).
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Standardized hypoosmotic shock experiments

Experiment 1

Inoculate was maintained in semi-continuous culturing con-
ditions at 33 psu in the HAL-room in a 1000 ml bottle (circa 
950 ml culture media). A 200-ml aliquot was taken and diluted 
with 35 ml of Milli-Q water, representing a 5 psu salinity drop. 
Triplicate samples were collected at 0 and 8 hours: 30-ml for 
MAA analysis, and 4–5 ml for cell counts (data on MAA con-
centration was reported in Vale 2016). Culture aliquots were 
left undisturbed between the start and end of the experimental 
period. Experiments started circa 1 hour after entering the 12-
hour light period. The light period started at 7 a.m. and was 
the same as the UTC (Coordinated Universal Time) (UTC+0). 
No changes were made for local summer time.

Two experiments were carried out per week. Culture 
media was replenished at the end of the week, represent-
ing approximately a 1:1 dilution. Inoculate was only taken 
again after a minimal of 3 days past media replenishment. 
This experiment was carried out along 8 consecutive weeks 
between April and June 2015. It was immediately prolonged 
for another 4 consecutive weeks, but no MAA analyses were 
performed in this second period. This required drawing less 
inoculate from the 1 l bottle (only 100 ml were diluted with 
17.5 ml of Milli-Q water) and allowed to carry out between 
3 and even up to 5 experiments per week. Mean cell concen-
tration was 2.0 × 103 cells/ml (Fig. S6a).

Cellular concentration of MAAs was determined by 
HPLC with DAD detection as described in Vale (2016).

Experiment 2

Inoculate was maintained in semi-continuous culturing con-
ditions at 35 psu in the HAL-room in a 1000 ml bottle (circa 
950 ml culture media). A 100-ml aliquot was taken and diluted 
with 17.5 ml of Milli-Q water, representing a 5 psu salinity 
drop. It was then placed in the FLU room for 24 hours. For 
cell count triplicate 4–5 ml samples were collected at 0 and 24 
hours. Culture aliquots were left undisturbed between the start 
and end of the experimental period. Experiments started circa 
1.5 hours after entering the 12-hour light period (or ≈ 8:30 
a.m. UT). This experiment was carried out along 15 consecu-
tive weeks between July and October 2015. Experiments were 
initiated between Mondays and Thursdays, with cells aged 3–6 
days after past week’s media replenishment. Culture media was 
replenished every Friday morning by a 1:1 dilution. Mean cell 
concentration was 1.8 × 103 cells/ml (Fig. S6b).

Geomagnetic activity

am Geomagnetic Index values were obtained from Interna-
tional Service of Geomagnetic Indices (http://isgi.unistra.

fr/). This index is available from 1959 onwards and its pur-
pose is to provide a characterization of global time-varying 
geomagnetic activity using a large set of stations representing 
all longitudes and possible hemispheric discrepancies. For 
best describing geomagnetic activity at the north hemisphere 
only the an Geomagnetic Index (or Northern hourly index) 
was used, rounded to unit 1 nT.

It is available with a time resolution of 3-hour intervals 
with a total of eight daily periods, and is expressed in nanoTe-
sla (nT). The first of these periods starts daily from midnight 
Universal Time (UT), and subsequent periods start at 3, 6, 
9, 12, 15, 18 and 21 hours, respectively. Here, these were 
designated 1 through 8, respectively.

In Experiment 1, for increase in cell concentration, mean 
24 hour an Index activity was calculated from the experiment 
termination backwards, covering the 6th–8th periods in day-1 
and the 1st–5th periods in day-0. In Experiment 1, for chain 
formation, mean 24 hour an Index activity was calculated 
from the dawn backwards, covering the 3rd–8th periods in 
day-1 and the 1st–2nd periods in day-0.

In Experiment 2, for increase in cell concentration, mean 
24 hour an Index activity was calculated from the experi-
ment termination backwards, covering the 3rd–8th periods 
in day-0 and the 1st–2nd periods in day+1. In Experiment 2, 
for chain formation, mean 24 hour an Index activity was 
calculated from the dawn backwards, covering the 3rd–8th 
periods in day-1 and the 1st–2nd periods in day-0.

Solar activity

Solar activity parameters were retrieved from NOAA’s SWPC 
Anonymous FTP Server (http://legacy-www.swpc.noaa.gov/
ftpmenu/indices/old_indices.html).

Solar radio flux (R) is measured in solar flux units (F10.7 
units), where one unit equals 10−22 Wm−2nm−1. Daily values 
from day-2 were used for data treatment in Experiment 1, 
while day-1 was used for data treatment in Experiment 2.

Soft X-ray background flux was measured by GOES15 
satellite in the 100–800 pm range. Most of X-ray background 
flux observed during the experimental period corresponded 
to B-level, or 10–7 W/m2. Flux in C-level was multiplied by 
10 times for obtaining the corresponding B-level units. The 
number of X-ray flares was summed, only C and M classes 
were found during both experimental periods. In both 
cases daily values from day-2 were used for data treatment 
in Experiment 1, while day-1 was used for data treatment 
in Experiment 2.

Remaining parameters

Ocean temperature data for Leixões harbor (northwest 
Portugal) was made available from Instituto Hidrográfico, 
Portugal. Near-UVA (340–400 nm) data for parallel 39 ºN 

http://legacy-www.swpc.noaa.gov/ftpmenu/indices/old_indices.html
http://legacy-www.swpc.noaa.gov/ftpmenu/indices/old_indices.html
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was determined from the solar calculator made available by 
Diffey (2015).

Indoors electromagnetic fields were kept to a minimum 
as possible. Extremely low frequency magnetic fields (from 
powerlines, transformers, adapters, etc) in the 10–2000 Hz 
range were kept below  <0.01 µT (EMFields Professional, 
EMFields, UK). Average microwave fields from telecommu-
nications in the 200–8000 MHz range were below 1 µW/m2 
in both rooms (Acoustimeter, RF Meter model AM-10, EMF 
fields, UK). Peak level microwave fields were below <0.11 
V/m in the HAL-room and <0.04 V/m in the FLU-room.

In order to keep 50 Hz electric fields to a  minimum, 
cables were kept at a minimal distance from flasks of 15 cm 

in the HAL room and 50 cm in the FLU room. When using 
the fluorescent setting, additional sources of close artifi-
cial EMFs were the electronic ballasts. These emit in the 
radiofrequency range and might cover the entire kilohertz 
range (Kvasznicza and Elmer 2006). Although less energy-
efficient, halogen lamps were chosen in the first place in 
order to avoid the presence of these artificial EMFs in the 
cultures (Vale 2015b).

Statistical treatment

Non-linear regressions and Student t-test statistics were 
carried out in SigmaPlot ver. 12.0 (Systat Software, Inc.).

2

Nº Flares (C+M+X)

0 5 10 15 20 25

C
E

L
L

 C
O

N
C

E
N

T
R

A
T

IO
N

 (
%

)

-20

-10

0

10

20

30

CULTURE TIME (days)

2 3 4 5 6 7 8

C
E

L
L

 C
O

N
C

E
N

T
R

A
T

IO
N

 (
%

)

-20

-15

-10

-5

0

5

10

15

20

RADIO FLUX (F10.7 units)

80 100 120 140 160 180

L
O

N
G

 C
H

A
IN

S
 (

%
)

50

60

70

80

90

an INDEX 24 Hs (nT)

0 20 40 60 80 100 120 140

C
E

L
L

 C
O

N
C

E
N

T
R

A
T

IO
N

 (
%

)

-10

-5

0

5

10

15

an INDEX 24 Hs (nT)

0 20 40 60 80 100 120 140

C
E

L
L

 C
O

N
C

E
N

T
R

A
T

IO
N

 (
%

)

-20

-10

0

10

20

30

Radio flux (F10.7 units)

80 100 120 140 160

C
E

L
L

 C
O

N
C

E
N

T
R

A
T

IO
N

 (
%

)

-20

-10

0

10

20

30

R = 0.573
p = 0.019

R = 0.537
p = 0.010

Fig. 2. Non-linear regressions for changes in cell concentration in Experiment I versus: a) 

culture time for flare number > 3 (N=16); b) mean an index 24 Hs before experiment 

termination (N=30), c) cell concentration change for temperature > 26.5 ºC (N=10); d) solar 

radio flux for culture time >3 days (N=23); e) number of solar flares for culture time equal to 3 

or 6-7 days (N=23). f) Percentage of cells in long chain formation versus radio flux for an

Index > 15 nT (N=15).

R = 0.773
p = 0.010

R = 0.535
p = 0.034

R = 0.843
p = 0.013

R = 0.588

p = 0.013

A

C

E

B

D

F Figure 2. Non-linear regressions 
for changes in cell concentration in 
Experiment I versus culture time for 
flare number >3 (A, n = 16); mean an 
index 24 h before experiment termi-
nation (B, n = 30); cell concentration 
change for temperature >26.5°C (C, 
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Results

Experiment 1

During a  previous research, conducted to understand 
MAA’s role as multi-functional compounds, a  standard-
ized hypo-osmotic shock experiment was devised in order 
to understand if some MAAs could have an osmolyte role 
beside the UV photo protection role. Culture aliquots were 
diluted with ultra pure water provoking a 5 psu salinity drop 
from 33 to 28 psu. Cells and MAAs concentrations were 
measured in the culture at the begin and at the end of an 
eight hour experimental period, that started one hour after 
entering the circadian light period (12:12 light:dark cycle). 
Intracellular losses of MAAs were related to their respective 
initial concentrations (Vale 2016).

Along the repetitions of this experiment it was noted that 
cell concentration did not always increase when the experi-
mental period terminated indicating that cytolysis could have 
taken place to a certain extent. Knowing this microalga could 
be susceptible to solar and/or geomagnetic activity (Vale 
2013), changes in cell concentration were then plotted against 
daily S-GMA parameters (Figs. 1A,B). Decrease in cell con-
centration was often associated with peaks in S-GMA activity 
during the trial, while increase in cell concentration was as-
sociated with low activity. Due to the relevance of data being 
obtained, daily repetition of this experiment was prolonged 
until completing 12 weeks, but no MAA data was collected 
from the 9th up to the 12th week. A total of 30 repetitions 
were carried out between April and June 2015 (Figs. 1A–C).

For a  more comprehensive understanding of the phe-
nomena, chain composition at the experiment start and 
changes in cell concentration were correlated with several 
physiological and physical variables: culture time, initial cell 
concentration, water temperature, geomagnetic activity, solar 
radio flux, X-ray flux and X-ray flares. Raw data for these 
correlations was presented in Figs. S2 and S4a.

The effects of the hypo-osmotic shock in G. catenatum 
were dependent on culture time (Fig. 2A), and were adjust-
able to a polynomial curve (p < 0.05). The most sensitive 
days were the 4th and 5th day after media replenishment, 
with a mean decrease in cell concentration of –5.3% and 
–5.7%, respectively, contrasting with remaining days where 
an increase took place (means of +5.4%, +2.4% and +9.1% 
on days 3, 6 and 7, respectively). Water temperature during 
these twelve weeks increased progressively from 24.0 up to 
27.5°C (Fig. 1C). However, no apparent correlation could be 
discernible between changes in cell concentration and water 
temperature (Fig. S2c). Changes in concentration also could 
not be related with initial cell concentration at T0 (Fig. S4a,c).

Changes in cell concentration were inversely related with 
several S-GMA indexes (Figs. S2e,g,i,k). Reduction in cell 
concentration followed an exponential decay curve with the 
increase in the an geomagnetic index for the previous 24 
hours prior to experiment termination (R = 0.537; p = 0.01) 
(Fig. 2B). The correlation increased at temperatures above 
26.5°C: R = 0.843 (Fig. 2C). Correlation of cell concentra-
tion with radio flux or X-ray flux could not be fitted to 
a statistically significant non-linear regression curve, while 
with X-ray flares followed an exponential decay curve (p < 
0.05) (Fig. 2E). However, changes in cell concentration were 
significantly associated with radio flux for culture time above 
3 days (p < 0.05) (Fig. 2D).

As G. catenatum seemed to be simultaneously influenced 
by different physical parameters, non-linear regressions did 
not always provided the necessary significance for statistical 
evaluation. Changes in cell concentration were next ana-
lyzed according to threshold limits set arbitrarily in S-GMA 
parameters. Below these limits cell concentration mostly 
increased, while above these limits cell concentration mostly 
decreased (Fig. 3A). The highest significance level (p < 0.001) 
was found for a mean of 22 nT in the an Geomagnetic In-
dex (for a 12-hour period) and a mean of 4.0 X-ray flares/
day. In contrast, a significance of only p < 0.05 was found 
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when using a 24-hour period of geomagnetic activity. This 
could imply that losses in cell numbers could be related to 
geomagnetic disturbances that took place close to or even 
during the course of the hypo-osmotic shock, than prior to 
this shock. Cell losses were also associated with 5.5 B-level 
units in X-ray background (p < 0.05) but were not statistically 
significative for radio flux above 110 F10.7 units (Fig. 3A).

For solar activity parameters, data from day-2 was used 
instead of day-1 or the mean from these two days. Data from 
previous days was chosen in first place because for instance 
measurement of radio flux takes place in British Columbia 
(Hathaway 2010), a time zone which corresponds to sunset or 
night at the Lisbon time zone and solar radiation is no longer 
reaching this geographic area. More important, activities on 
day-2 were significantly associated with changes in cell con-
centration, as for example flare activity (p < 0.001), but not on 
day-1 (p > 0.05) (Fig. 4A). This could imply that losses in cell 
numbers were related to harmful effects from radiation that 
took place more than 24 hours before the start of Experiment 1.

Chain composition has been previously associated with 
different kinds of cellular stresses, such as salinity or light 
stress (Blackburn et al. 1989; Vale 2015b). Chain composi-
tion could provide here information on effects from different 
physical parameters acting previously to T0 (Fig. S2). At 33 
psu cells were mostly grouped in long chains, with 6, 8 or 
more members, rather than in singlets, duplets or quartets. 
Chain formation along the experimental period could not 
be related to culture age but was dependent on temperature 
(Figs. S2b,d). Above 27°C a mean level of 67% of cells in long 
chain formation was found to be significantly different from 
78% found at 27°C or 78% found below 27°C (p < 0.05 and 
p < 0.01, respectively) (Figs. 1C and 3B).

Concerning S-GMA parameters, no apparent relations 
could be established (Figs. S2f,h,j,l). However, for radio and 
X-ray fluxes a cluster of data seemed to be detached from 
the remaining (marked by ovals in Figs. S2h,j). Data in these 
clusters corresponded mostly to periods when geomagnetic 
activity was below a threshold of circa 15 nT (Figs. S2h,j). 
If data when an geomagnetic Index was below 15 nT were 
excluded from the correlation, chain formation increased 
significantly with radio flux (p < 0.02), but not with X-ray 
flux (Fig. 2F). In Experiment 1 the percentage of cells in long 
chains increased after eight hours from a mean of 75% in the 
morning to 82% in the afternoon, but no relation could be 
established with any of the physical parameters.

Experiment 2

A similar experiment was carried out next that started in July 
2015 and lasted for 15 consecutive weeks, with a total of 50 
repetitions (Figs. 1D, E). The same salinity drop of 5 psu was 
chosen, but the inoculums were previously cultured at a higher 
salinity (35 psu) under halogen light. After dilution, cells were 

immediately transferred to fluorescent lighting and there re-
mained for 24 hours with the same photoperiod. This transfer 
involved the introduction of extra UV-A stress (Vale 2015a).

In this experiment no reduction in initial cell concentra-
tion could be observed (Figs. 1D,E). If cell loss did occur by 
cytolysis in the first hours, it was masked by the posterior 
growth. Increase in cell concentration was highest coinciding 
with reduction in solar and geomagnetic activity (S-GMA; Figs. 
1D,E). Chain composition at the experiment start and changes 
in cell concentration until experiment termination were cor-
related with physiological and physical variables as before and 
raw data for these correlations presented in Figs. S3 and S4b.

In the FLU-room, 88% of the trials were conducted at 
a narrow range in temperature between 23.5–25.0°C. Effects 
of the hypo-osmotic shock in G. catenatum concentration 
could not be correlated with culture time or temperature, 
although the highest cellular increases observed took place 
at day 3 or 4 (Figs. S3a,c). Increase in cell concentration was 
related to initial concentration (Fig. S4b), with a significant 
reduction above 2000 cells/ml at T0 (p < 0.05, Fig. S4c).

Figure 4. Statistical analysis for changes in cell concentration 
when flare number (F) was below or above 4 flares/day for day-2, 
day-1 or the mean of both days in Experiment 1(A), Experiment 2 
(B; selected data for an Index <26 nT). Median, 25% and 75% 
percentiles in grey; 5% and 95% percentiles in whiskers; mean in 
bold; * p < 0.05; *** p < 0.001.
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Changes in cell concentration were inversely correlated 
with several S-GMA parameters (Figs. S3e,g,i,k). In order 
to isolate S-GMA factors from each other, threshold limits 
were used. Solar indices were studied when an geomagnetic 
activity was below 26 nT and in the absence of C-or X-flares 
(Figs. 5A,B). The 24-hour increase in G. catenatum concen-
tration was significantly related with both the radio and the 
X-ray fluxes (p = 0.002). For solar parameters, data from 
day-1 was used instead of day-0. This was chosen because, 
for example, flare activity on day-1 was significantly associ-
ated with changes in cell concentration (p < 0.05) but not on 
day-0 (Fig. 4B). This could imply that losses in cell numbers 
were related to harmful effects from radiation that took place 
24 hours before the start of Experiment 2.

Correlation of the an geomagnetic index with cell concen-
tration was studied for a radio flux below 110 F10.7 units or 
an X-ray flux below 2.5 B-level units (Fig. 6A). In both cases 
the 24-hour increase in G. catenatum concentration was in-
versely related with day-0 geomagnetic activity for a threshold 
level of 26 nT (p < 0.01). Mean increase was >32% below 26 
nT and <19% above 26 nT (Fig. 6A). When an activity was 
calculated between 48 and 24 hours before termination (day-
1), no significant correlation was found (Fig. 6A). This could 
imply that disturbance of cell division could be related to 
geomagnetic disturbances that took place close to or during 
the hypo-osmotic shock, than prior to this shock.

At 35 psu cells were grouped in long chains, but the mean 
percentage was lower than at 33 psu: 64% versus 75%, respec-
tively (Figs. S2 and S3). Chain formation was not correlated 
with culture time (Fig. S3b) but was significantly dependent 
on temperature (Fig. S3d), with a sigmoidal reduction above 
27.5°C (Fig. 5C, p < 0.001). Percentage of long chains was 
directly related with S-MGA activity (Figs. S3f,h,j,l), but 
this was significant only when cultures grew at the highest 
temperature range, i.e., above 27.5°C (exemplified in Fig. S5). 
Not all data could be fitted to a non-linear regression curve, 
as found for the correlation with geomagnetic activity (Fig. 
5D). Comparisons resorting to threshold limits were pre-
ferred (Fig. 6B). Mean percentage of long chains equalled or 
surpassed 77% when geomagnetic activity was above 26 nT, 
radio flux above 117 F10.7 units, X-ray flux above 3.1 B-level 
units or flare number above 1.0 flares/day (p < 0.002 in all 
cases). Above 22 nT the mean percentage attained 73% but 
with a lower statistical probability (p < 0.02). Below these 
thresholds the mean percentage of long chains was 53–54% 
in all cases.

At 27.5°C or below, the mean percentage of long chains 
was 69% (Fig. S5a). Above this temperature sub-optimal 
growing conditions were attained, with a  trend towards 
a high percentage of long chains (≥77%) with the increase 
in S-GMA activity, while the opposite occurred during low 
levels of S-GMA activity: long chain percentage attained 
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a minimum of 35% (Fig. S3 and S5b). Although the gentle 
homogenization of the stock inoculum culture before each 
experiment start was not ideal for proper concentration as-
sessment, nevertheless, along the experimental period cell 
concentration in the inoculum were kept consistently below 
the mean after surpassing 27.5°C (Fig. S6b), also indicating 
sub-optimal conditions were attained.

Mycosporine-like amino acids in Experiment 1

Regarding mycosporine-like amino acids determined in 
Experiment 1, these were also related with S-GMA param-
eters (Fig. 7). MAAs with anti-oxidant properties, such as 
palythene, were progressively depressed with the increase 
of X-ray flux in day-1 (p < 0.01, Fig. 7A) or geomagnetic 
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activity (Fig. 7B). Mean palythene levels were 0.92 pg/cell 
when an Index levels in day-1 were below 18 nT, and 0.50 pg/
cell when an Index levels were above 18 nT (p < 0.05). Mean 
palythene levels were 0.99 pg/cell when X-rays in day-1 were 
below 4.0 B-level units and 0.58 pg/cell when X-rays were 
above 4.0 B-level units (p < 0.01).

MAAs with osmolyte properties, such as shinorine and 
porphyra-334, increased with X-ray flux the previous day 
(p < 0.05, Figs. 7C,D) and geomagnetic activity (data not 
shown). Mean shinorine and porphyra-334 levels were 10.0 
and 12.0 pg/cell, respectively when an Index levels the previ-
ous day were below 18 nT. These levels increased to 15.0 and 
17.9 pg/cell when an Index levels were above 18 nT, although 
results were not statistically significant (p > 0.10).

Discussion

Experiments were carried out in 2015, during the declining 
phase from the maximum of solar cycle number 24 (NASA 
2015). Several rotations of the solar disk were covered: Car-
rington rotations nº 2163-2165 in Experiment 1 and nº 2165-
2169 in Experiment 2 (ALPO 2015). This allowed having 
wide variations in sunspot area, solar radio flux, X-ray flares 
and coronal mass ejections (CME) along the experiments. 
Geomagnetic activity (GMA) is also dependent on the solar 
cycle. Despite the sun’s magnetic pole reversal took place in 
December 2013 (NASA 2015), GMA tends to remain high 
during the declining phase of each cycle (Hathaway 2010).

In both hypo-saline shock experiments presented here, 
cell divisions in G. catenatum were impaired during high S-
GMA. A maximal threshold of circa 22–26 nT disturbance 
in GMA was observed in both experiments, above which 
cell divisions were compromised. Regarding electromagnetic 
radiation (EMR) at the extremes of the electromagnetic 
spectrum, levels above 5.5 B-level units of X-ray flux, 4 C+M 
flares/day or 110 F10.7 units of radio flux were detrimental. 
Nevertheless, effects from GMA or EMR were progressive. 
Threshold limits were used for separating GMA effects from 
EMR effects and performing statistics. When using MAA 
data, reduction in antioxidant availability (palythene) was 
found even at lower thresholds: 18 nT for an Index and 4.0 
B-level units for X-ray flux.

S-GMA factors acted in cultures at different time scales. 
GMA acted during the experimental period of the hypo-
osmotic shock, while EMR acted one day or more before 
each experiment’s start (Figs. 4 and 6A). This could indicate 
these factors acted at different phases of the cell cycle and via 
different mechanisms. During the late light photoperiodic 
phase, termination of cytokinesis (when cytoplasmic division 
marks the completion of cell division) was observed and cells 
remained in long chains before dispersal: a mean increase in 
10% of long chains was observed in Experiment 1 after eight 

hours along the light period. After the dark photoperiodic 
phase, cell division was not complete and cells remained as 
short chains before chain elongation during the light period: 
a mean reduction in 11% of long chains was observed in 
Experiment 2 after 24 hours (harvested 1.5 h past termina-
tion of the dark phase).

In Experiment  1 a  short period of strong GMA (< 12 
hours) was sufficient to affect cell survival (Fig. 3A). By 
contrast, increase in EMR was not very effective in the 
hours preceding the experiment (day-1) but was more ef-
fective 24 hours before experiment start (day-2; Fig. 4A). 
In Experiment 2, increase in GMA before the experiment 
start also was not effective in disturbing growth (Fig. 6A), 
while parameters used to determine statistically significant 
relations with EMR referred to day-1 (or >24 hours before 
experiment ended) (Fig. 4B).

DNA lesions caused by X-rays activate repair mechanisms 
in the different phases of the cell cycle. Checkpoint-arrested 
cells resume cell-cycle progression once damage has been 
repaired, whereas cells with unrepairable DNA lesions un-
dergo permanent cell-cycle arrest or apoptosis (Branzei and 
Foiani 2008). Dinoflagellates have numerous chromosomes, 
which remain condensed throughout the cell cycle, but lack 
histones completely, unlike all the other eukaryotes (Rizzo 
2003). Nevertheless, they can pack their huge amounts of 
DNA into a functional chromatin (de la Espina et al. 2005). 
Both calcium and magnesium cations play an important 
role in the neutralization of the negative charge of DNA in 
the chromosomes and are necessary for the stabilization of 
dinoflagellate chromosomes (Herzog and Soyer 1983; Strick 
et al. 2001; Levi-Setti et al. 2008).

X-ray interaction with matter is primarily due to photo-
electric effect. Each time a photon ejects an electron – ion-
izes an atom – this creates free radicals that can damage 
DNA (Breen and Murphy 1995). Photoelectric absorption 
is approximately proportional to the atomic number (NIST 
2015). The dominant elements (C, H, O, and N) have low 
X-ray absorption and this increases with phosphorous 
(abundant in DNA nucleotides) up to calcium (required 
for chromosome stabilization). But while phosphorous 
has a  K-edge around 2 KeV, calcium’s K-edge is around 
5 KeV (NIST 2015). X-ray flux discussed here is related to 
measurements in the 100–800 pm range (SPWC 2015), or 
around 2–10 KeV. Not only phosphorous in nucleotides, 
but also the abundant calcium stabilizing a large number 
of chromosomes could favour interaction with soft X-rays 
of different energies.

Radioprotection of DNA can be achieved by administra-
tion of an antioxidant, such as melatonin, prior to artificial 
gamma irradiation (Badr et al. 1999; Assayeda and El-Atyb 
2009). However, in data from studies such as these ones, it 
was also evident that administration of melatonin could 
lower the rate of micronucleus and structural aberrations in 
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non-exposed cells in relation to the non-exposed controls 
not treated with melatonin (Assayeda and El-Atyb 2009). 
This could be partially attributed to a radioprotective effect 
from natural radiation sources. Concentration of palythene, 
one of the main antioxidizing MAAs known, was depressed 
in direct proportion with natural X-ray intensity, point-
ing that fluctuation in exogenous radiation could exert an 
important oxidizing effect in vitro, which in turn affected 
DNA integrity.

Because the electromagnetic spectrum is not blocked by 
the atmosphere in the radiofrequency window (Wilson et 
al. 2009), it is often used as a better proxy for solar energy 
output than sunspot number (Hathaway 2010). Because of 
this transparency window, focus was given previously on 
the radio flux as having a putative deleterious effect in wild 
G. catenatum populations (Vale 2013). Correlation with soft 
X-rays was done here for the first time. The strong correla-
tions found for X-ray flux, and in particular the number 
of X-ray flares, probably can constitute an even stronger 
hypothesis to understand why this microalgae does not form 
dense blooms during sunspot maxima. Other physiological 
parameters can also be affected by X-ray flux and X-ray 
flares, such as phototaxis, and they are currently the subject 
of ongoing research (manuscript in preparation).

Within a solar cycle, radio flux oscillates between minima 
of 65 F10.7 units and maxima that can attain, depending on 
the cycle, >200 F10.7 units (NASA 2015). But X-ray back-
ground oscillates by two orders of magnitude between 10–7 
until 10–5 W/m2 (A- up to C-level), while the most com-
monest C and M classes solar flares bursts can attain >10–6 
and >10–5 W/m2, respectively. Along solar cycles, C-class 
flares can fluctuate between <120/year up to >2000/year and 
M-class flares between <20/year up to >200/year, while the 
rarest X-class (>10–4 W/m2) can be absent during years of 
solar minima (Winter and Balasubramaniam 2015).

Accumulation of PSTs produced by G. catenatum origi-
nates prolonged closures of shellfish harvesting at the western 
Iberian coast (Vale et al. 2008), and sometimes PSP out-
breaks on shellfish gatherers, such as the last one registered 
in October 2007 (Rodrigues et al. 2014). When comparing 
for instance S-GMA activity in October 2007, with the same 
month from a year of maximal activity such as 2014, when 
no shellfish closures attributed to PSP occurred at the Portu-
guese coast, large differences in solar indices occurred (NASA 
2015). In October 2007, mean daily levels of 0.0 A-level units 
of X-ray flux, 0.0 C+M+X flares and 67.5 F10.7 units of radio 
flux were recorded. In October 2014, mean daily levels of 1.1 
C-level units of X-ray flux, 6.2 C+M+X flares and 153.7 F10.7 
units of radio flux were recorded. In October 2014 all these 
parameters were well above the detrimental thresholds found 
in-house for cultures of a Portuguese G. catenatum strain. In 
particular, the mean X-ray flux was two orders of magnitude 
higher in 2014 than in 2007.

In addition, the attention of several research groups in 
the field of magnetobiology has focused on the influence of 
extremely low frequency magnetic fields (ELF-MF) mainly 
on the calcium metabolism of living cells (Pall 2013). As 
early as 1985, both Blackman et al. (1985) and Liboff (1985) 
observed dependence between the frequency of the variable 
field and the magnitude of the static geomagnetic field. An 
example of this kind is the bioluminescence of the dinoflagel-
late, Gonyaulax scrippsae, which is affected by a combination 
of static and ELF magnetic fields in the μT range (Berden 
et al. 2001). The induction of multinuclear cells has already 
been positively correlated with the increase in GMA in the 
apical meristems of Allium cepa (Nanush’yan and Murashev 
2003). On the opposite, reduction in the intensity of the 
static component of the geomagnetic field can stimulate the 
growth, for instance of Lemna minor (Jan et al. 2015). With 
such a dependency of calcium for chromosome stabilization, 
dinoflagellates could be particularly sensitive to disturbance 
of intracellular calcium distribution, as well as many other 
cellular processes that are regulated by calcium.

Cells in healthy cultures are actively dividing and can at-
tain long chains. Mean chain length decreases with increased 
salinity, indicating that salinity can cause a certain degree 
of stress (Vale 2015b). Concomitantly, MAAs with osmolyte 
and anti-oxidant properties also increase proportionally 
with the salinity stress (Vale 2015b). In the present study 
mean chain length was 75% at 33 psu and 69% at 35 psu. 
Chain length is also reduced at sub-optimal temperatures, 
both in the high range (this study) and in the low range 
(unpublished observations). Relation of chain length with 
temperature has already been found by other authors some 
time ago (Blackburn et al. 1989).

Chain length can also be related to the circadian rhythm 
of the cell-cycle. The increase in mean chain length observed 
on the 8-hour experiment carried out during the light phase 
could be related to cells ending the division cycle that had 
already started during the dark phase. The reduction in mean 
chain length in the 24-hour experiment could be related to 
cells in chains dispersing during the night to start new ‘colo-
nies’. But in artificial culture media nutrients are plentiful and 
there is no need for immediate population dispersal – cell 
concentrations in these experiments were only one third of 
maximal densities achievable with f/2 media (Vale 2015b). 
However, increase in chain length could have a completely 
different meaning other than a fast division without any need 
for immediate dispersal.

The presence of an elevated percentage of long chains 
above certain S-GMA threshold might be indicative of an ar-
rest of cell cycle progression caused by S-GMA activity. This 
does not only translates in growth reduction, but also in other 
morphological parameters, such as increased attachment in 
long chains. This kind of increase in mean chain length was 
particularly notorious at sub-optimal temperatures.
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G. catenatum produces potent neurotoxins (the PSTs), 
blockers of voltage-gated sodium channels in many animals 
(Anderson et al. 2004), which might modify potassium 
channel gating (Wang et al. 2003) and partially block cal-
cium currents (Su et al. 2004). The ecological role of these 
tetrahydropurine derivatives is not fully understood, nor the 
adaptation mechanisms for avoiding self-inhibition in the 
producing organisms. These own mechanisms could in turn 
create particular sensitivities to alterations in external EMFs. 
External EMFs can specifically produce excessive activity of 
the voltage-gated calcium channels (VGCCs) in many cell 
types suggesting that these may be the direct targets of EMF 
exposure (reviewed in Pall 2013). Many of these studies 
implicate specifically the L-type VGCCs such that various 
L-type calcium channel blockers can block responses to EMF 
exposure. Although there are other neurotoxins, produced 
by microalgae, this is the only one known to date to produce 
several saxitoxin analogues with a hydroxybenzoate moiety 
(Negri et al. 2003; Vale 2008). This deserves a more in-depth 
study, as one group of sulphated hydroxybenzoates has been 
found to increase upon hypo-osmotic shock (unpublished 
observations). 

In the halogen setting, the closest artificial EMFs were 
dominated by extremely low frequency fields originated 
from unshielded electric cables from the mains powerline. 
In the fluorescent setting, additional sources of close arti-
ficial EMFs were the electronic ballasts. These emit in the 
radiofrequency range and might cover the entire kilohertz 
range (Kvasznicza and Elmer 2006). Equipment emitting 
high levels of ELF-MF, such as ferromagnetic ballasts, was 
avoided. Static magnetic fields originating in ferromag-
netic materials such as shelves, was also avoided. Despite 
the presence of a moderate level of artificial time-varying 
EMFs, nevertheless effects from changes in natural EMFs 
could be distinctly observed in cultures of G. catenatum. 
This has been tentatively explained by the ion-cyclotron 
resonance model, where some of the most biological effec-
tive resonance frequencies already found (McLeod et al. 
1987; Zhadin et al. 1998; Lisi et al. 2008) were below the 50 
Hz powerline frequency used in Portugal.

Not only metallic ions resonate with ELF-MF, but small 
organic molecules, such as several amino-acids, have 
been studied. Combined parallel static and alternating 
magnetic fields cause a  rapid change in the ionic current 
flowing through an aqueous glutamic acid solution when 
the alternating field frequency is equal to the cyclotron fre-
quency (Zhadin et al. 1998; Pazur 2004; Comisso et al. 2006; 
Alberto et al. 2008). Peaks are observed with alternating 
magnetic field frequency from 1–10 Hz and the frequency 
corresponding to the peak is directly proportional to the 
static magnetic field. Unfortunately there is no data yet for 
resonance of saxitoxin analogues at frequencies close to the 
geomagnetic field.

However, the ion-cyclotron resonance model presents 
some limitations (Binhi 2007). In turn, there is ample evi-
dence that EMFs in their entire frequency spectrum induce 
increase of oxidative stress and oxygen free radicals in 
many experimental systems (including plants) (reviewed in 
Georgiou 2010). In the present research, the concentration 
of palythene, one of the main antioxidizing MAAs known, 
was almost halved when the an Geomagnetic Index was 
above 18 nT, pointing that GMA could exert oxidizing effects.

So far there is no clear understanding of the mechanisms 
geomagnetic activity impacts on living organisms: if it is 
attributed to slow changes in geomagnetic field intensity 
or to ultra-low-frequencies. Krylov et al. (2014) ruled out 
geomagnetic pulsations in the 0.001–5 Hz range in flax, pea, 
Daphnia magna and crucian carp.

The human population – amongst a few other mammals 
– has been mostly studied regarding ELF-MF exposure. 
A doubling in the incidence for childhood leukemia has been 
found when living in homes with exposure above 400 nT 
of 50–60 Hz magnetic fields (Ahlbom et al. 2000) and the 
International Agency for Research on Cancer (IARC 2002) 
already classifies power-frequency magnetic fields as a pos-
sible human carcinogen (Group 2B). Based on a review of the 
literature, lowering the public’s exposure standards to 100 nT 
has been advocated to prevent cancer and other health effects 
(Bioinitiative 2007). Regarding GMA, disturbance in the 
geomagnetic field above 100–200 nT increase arterial blood 
pressure in humans (Dimitrova 2004). In rats the depth of 
the hypothermia was significantly reduced if the ambient 
geomagnetic activity exceeded 35 nT to 40 nT (Bureau et 
al. 1996), while mortality in rats with induced limbic labil-
ity increased when the 24 h geomagnetic indices exceeded 
20 nT for more than 1 to 2 days (Bureau and Persinger 1992). 
In the present study, survival of G. catenatum to an abrupt 
hypo-osmotic shock was compromised above circa 20 nT 
disturbance in the geomagnetic field.

The hypothesis for the existence of two separate deleteri-
ous mechanisms of action, reinforce our previous suspicion 
that natural occurrence of PSTs derived from G. catenatum 
can be correlated with both distinct solar EMR and GMA 
parameters (Vale 2013). GMA also shows a  solar cycle 
dependence, but one that is more complex than seen in 
sunspot area, radio flux, or flares and CMEs (Hathaway 
2010). Geomagnetic variability can be decomposed into two 
components – one proportional to and in phase with the sun-
spot cycle (the R, or Relative sunspot number component) 
and another out of phase with the sunspot cycle (the I, or 
Interplanetary component). GMA can be a powerful restric-
tor, not allowing blooms during sunspot minima – such as 
in 2006 when GMA was increasing during the autumnal 
window of opportunity – while low activity was coincidental 
with sporadic blooms outside solar minimum – such as in 
2011 or 2012 (Vale 2013, 2014).
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The influence of extraterrestrial forcing on the natural 
occurrence of this microalga seems to be quite unique, with 
Iberian populations practically disappearing during solar 
maxima. Nevertheless, the influence of natural electromag-
netic rhythms in life as a whole is gaining more acceptance, 
and research in chronoastrobiology is increasing (Halberg 
et al. 2004; Muehsam and Ventura 2014). S-GMA has been 
found to affect also a wide diversity of multicellular organ-
isms, as diverse as human beings, rats, fruit flies and plants 
(Héroux 1979; Dimitrova 2004; Izmaylov et al. 2005; Krylov 
et al. 2014; Shaposhnikov et al. 2014).
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