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Abstract

The main objective of this research was to evaluate the effect of a 47 mT static magnetic field (SMF) applied at different times
of the exponential growth phase of a Chlorella microalgae-bacteria consortium. For this, growth parameters, cell division, the
photochemical activity of photosystem II (PS II), and the biochemical composition of the microorganisms were studied. Bio-
mass concentration and productivity of cultures exposed to SMF increased concerning control cultures, reaching maximum
values when this physical agent was applied in the early exponential phase, 0.89 ¢ L™ and 0.075 g L' d~!, respectively. In
addition, SMF application stimulated binary and multiple cell division of cultures exposed during early and late exponential
phases. PS II quantum yield was significantly increased over control cultures immediately after applying SMF during early
(0.70) and late (0.73) exponential phases. In addition, in cultures exposed to SMF, the quantum yield for electron transport
(¢g,) increased, and the absorption flux per reaction center (ABS/RC) decreased, which was associated with an increase in
the active reaction centers of PS II. Extracellular protein, carbohydrate, and polysaccharide content varied when SMF was
applied during the early exponential phase. No significant differences were observed regarding the lipid content of the con-
trol cultures and those exposed to SMF. It is concluded that SMF increases the formation of radical pairs in photosystem II
due to the increase in the number of active reaction centers, which could constitute the mechanism of action of this system.

Keywords Chlorella microalgae-bacteria consortium - Photosystem II - Cell division - Biochemical composition - Static
magnetic field - Formation of radical pair mechanism - Permanence of magnetic effects over time

Introduction

Microalgae have a varied chemical composition and great
metabolic flexibility, which has allowed the development
of a wide range of applications (Yan et al. 2016; Gateau
et al. 2017; Su et al. 2017). These applications range from
simple biomass production for food and feed to valuable
products for green applications and wastewater treatment
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(Show 2022). Microalgae under specific culture conditions
are associated with bacteria, generating cooperative associa-
tions between them (Solimeno and Garcia 2017; Yao et al.
2019; Igbal et al. 2022). The symbiosis between microalgae-
heterotrophic bacteria brings significant advantages to cul-
tures since both microorganisms provide the culture medium
with essential substances for growth, such as O, released by
microalgae and CO, released by heterotrophic bacteria (Li
et al. 2019a).

In cultures of a microalgae-bacteria consortium under
photoautotrophic conditions, the microalgae obtain energy
from the sun or some artificial light source and carbon from
inorganic compounds (Siqueira et al. 2018). The reactions
that are triggered from this type of autotrophic metabolism
are part of oxygenic photosynthesis and can be expressed as
a redox reaction driven by light energy (harvested by chlo-
rophyll molecules) through photosystems I (PS I) and II (PS
II) (Masojidek et al. 2004). In general, it can be said that the
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main objective of the light reactions of photosynthesis is to
promote the synthesis of adenosine triphosphate (ATP) from
adenosine diphosphate ADP molecules and nicotinamide
adenine dinucleotide phosphate (NADPH) from NADPH™
molecules (Leister 2022).

Improving the photosynthetic efficiency of microalgae is
one of the critical factors in increasing production yields
and decreasing the production costs of these cultures. The
application of magnetic fields in microalgae cultures has
been a strategy followed by several researchers, which has
shown its usefulness in increasing the quantum yield of PS II
(Deamici et al. 2019a), and the production of photosynthetic
oxygen (Small et al. 2012), both parameters associated with
the primary photochemistry of microorganisms. Several spe-
cies of microalgae, such as Chlorella fusca (current name:
Desmodesmus abundans), Nannochloropsis oculata and
Spirulina platensis (current name: Arthrospira platensis),
have been studied under the action of a static magnetic field
(SMF) (Shao et al. 2018; Chu et al. 2020; Deamici et al.
2021). The results obtained from these previous studies have
demonstrated the efficacy of SMF in increasing biomass pro-
ductivity and the content of metabolites of industrial interest
in these microalgae cultures.

Despite the advantages of SMF in microalgae cultures,
there are still some issues to be resolved regarding this
physical agent. One of the most critical aspects that have
limited the development of this technology is that the action
mechanisms proposed to explain the effects found need more
scientific evidence to support them (Santos et al. 2017). On
the other hand, the influence of SMF on the photosynthetic
apparatus of microalgae in consortia with bacteria has been
little discussed in the literature consulted. The SMF can
affect the development of bacterial communities positively
or negatively, noting that these effects will be associated
with the particularity of each species' growth or the organ-
isms' culture conditions (Zhao et al. 2020; Zielinski et al.
2021b). This behavior of bacteria exposed to SMF during
their growth in consortia with microalgae could directly
affect the development of the photosynthetic microorgan-
isms. Therefore, this study aims to evaluate the effect of
SMF on the photosynthetic apparatus and its relationship
with the cell division and the biochemical composition of
the biomass of a microalgae-bacteria consortium.

Materials and methods

Microalgae strain and culture conditions

A consortium of Cuban native microalgae-bacteria was used,
where Chlorella sp. predominates. The strain was isolated

from the aquaculture station of Maffo, Contramaestre, Cuba,
in 2002 and is kept in the stock of the Ecotoxicology and
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Environmental Services Laboratory (LESA) of the National
Center of Applied Electromagnetism (CNEA), Cuba. For
the development of cultures, the modified Bristol culture
medium was used, which contains (g L™Y: NaNO; (1.000),
CaCl,.2H,0 (0.025), MgS0O,.7H,0 (0.075), K,HPO,
(0.075), KH,PO, (0.175), NaCl (0.250). In addition, 3 mL
of a solution containing the following trace elements was
added: EDTA (39.80%), Fe (10.20%), Zn (0.53%), Mn
(0.44%), Mo (0.56%), Co (0.46%), Cu (0.49%), Thiamin
(0.162%), Biotin (0.006%), Cyanocobalamin (0.008%),
Excipients (0.390%) (Silveira-Font et al. 2018).

To evaluate the morphology of the microalgae-bacteria
consortium, a scanning electron microscope was used, cou-
pled to an energy dispersive X-ray spectroscopy equipment
(SEM-EDX) (Phenom, The Netherlands) at acceleration
voltages of 15 kV. Freeze-dried microalgae-bacteria con-
sortium samples were mixed with gold particles to improve
resolution and then they were observed and photographed
under the microscope.

The cultures were grown in triplicate cylindrical glass
flasks with a capacity of 1 L, a diameter of 9 cm. The
temperature conditions in the culture lab were stable at
22+2.3 °C. An LED light panel was used to keep the cul-
tures illuminated under continuous light. The light intensity
was adjusted daily with a Traceable Light Meter, maintain-
ing the cultures with an illumination of 58 umol photons
m~2 s7!. Cultures were aerated by bubbling filtered air
through 0.20 pm glass microfiber syringe filters at an airflow
capacity of 9.2 L min~".

Protocol for the application of SMF

The cultures were exposed to a non-homogeneous SMF (fre-
quency 0) with a mean value of 47 mT and a variation gradi-
ent of 0.003 and 0.002 mT. The magnetic device was built
with rectangular ferrite magnets and characterized at CNEA,
Santiago de Cuba, Cuba. The glass bottles with samples
were placed in the center of the magnetic device to expose
the cultures to the SMF, guaranteeing the same intensity of
light and aeration as the control cultures. The intensity of
the SMF applied to the cultures was chosen following the
results obtained in previous research (Silveira-Font et al.
2018). In addition, this chosen intensity of SMF coincides
with the range of intensities reported in the literature, where
stimulator effects of SMF on microalgae have been observed
(Silveira-Font et al. 2018; Deamici et al. 2019b; Chu et al.
2020; Font et al. 2023).

Two schemes of exposure of the cultures to SMF at dif-
ferent moments of the exponential growth phase were evalu-
ated. The first protocol was one hour of consortium exposure
to SMF during the early exponential phase (EP early, day
3). The second was one hour of exposure to SMF during the
late exponential phase (EP late, day 7). A control culture
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was maintained in all experiments performed (no exposure
to SMF). Control cultures were only exposed to the geo-
magnetic field under the same experimental conditions of
temperature, lighting, and aeration as the study cultures. The
exposure time of the microorganisms to the SMF was cho-
sen, taking into account previous research group results and
references from the literature (Bauer et al. 2017; Deamici
et al. 2019b, 2021; Font et al. 2023).

Evaluation of the growth of the Chlorella
microalgae-bacteria consortium

The consortium growth was monitored daily for ten days,
using a calibration curve of dry weight against optical den-
sity at 750 nm. The dry weight for the curve was made by
filtering 10 mL of samples on microfiber filters (Sartorius
Stedim Biotech, Belgium) using the method described by
Moheimani et al. (2013). The optical absorption of the sam-
ples was correlated with the concentration by dry weight (X,
g L™!) measured gravimetrically. The samples under study
were measured by taking 3 mL of culture and measuring the
optical density at 750 nm. With the values obtained from
the X calculation, the biomass productivity (P, g L~! day™")
was calculated (Eq. 1). The specific growth rate (1, day™),
and the doubling time (Tg, d) were calculated, following
Egs. 2 and 3. To evaluate the immediate effect of SMF on
p of microorganisms, for the calculation of this parameter,
only the biomass concentration data of days 3, 4, 5, and 6
were taken for the cultures exposed to SMF during the EP
early and days 6, 7, 8, and 9 for the cultures exposed during
EP late.

P = (X,=X)/(t=t) ¢))

where X, and X, are the biomass concentrations (CDW, g
L_l) at times ¢, and #,, respectively, and ¢, and ¢, are the first
and last day of the cell growth.

p=(In(X,) =In (Xq))/(t, — to) 2

where X, and X, are the biomass concentrations at times ¢,
and ¢,, respectively.

Fig.1 Image of Chlorella sp.

in the consortium taken with an a
optical microscope (40 X mag-

nification). a represents single

cells; b represents cells during P
binary division and (c) rep-

resents cells during multiple

division

2.5um

Te = 0.693/p 3)

where Tg is the doubling time and u is the specific growth
rate.

Cell division study of microalgae

A study of the cell division after applying SMF was devel-
oped by counting single cells, cells in the binary division,
and cells in multiple divisions (Fig. 1). The cell count was
performed at 0, 0.5, 1, 1.5, 24, and 48 h after the application
of SMF, for the control and SMF exposed cultures. The cell
count times were chosen to evaluate the evolution and per-
manence of the effects of the SMF on the microalgae during
the first hours and days after its application. An aliquot of
1 mL of sample was used for counting with an heocytometer
(Neubauer).

Analysis of the fluorescence parameters
of chlorophyll a

The effect of SMF on quantum yield (QY) and transient fluo-
rescence (OJIP test) was studied daily for control cultures
and cultures exposed to this physical agent at different time
points during growth. An analysis was also carried out on
the cells before and immediately after the application of the
SMF. An AquaPen-C fluorimeter (Photon Systems Instru-
ments, Czech Republic) was used. Culture samples were
diluted whenever necessary until reaching an optical den-
sity at 680 nm of less than 0.1. For the analysis of the quan-
tum yield of PS II (QY) and the transient fluorescence test
(OJIP), 3 mL of samples were taken and and dark adapted
for 5 min. All measurements were performed in triplicate.

Quantum Yield (QY) and Transient fluorescence
(OJIP test)

The QY is a parameter of Chl fluorescence, which is
used to measure PS II's efficiency. QY is equivalent to
F,/F., where F, corresponds to the variable maximum
fluorescence and F,, corresponds to the maximum fluores-
cence intensity (Du et al. 2018). The typical fluorescence

D

e

2.5um 2.5um
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increase in dark-adapted oxygenic microorganisms after
illumination with high-intensity actinic light shows four
phases: O, J, I, and P phases (Stirbet 2011). The O (F,)
phase is the initial fluorescence obtained at 30 ps. Then
there are two intermediate steps, phases J and I (F; and F,
respectively), obtained at 2 and 60 ms, respectively, before
reaching the maximum recorded fluorescence, phase P
(Fpp), between 250-400 ms.

Fluorescence transients were recorded up to 1000 ms
with data acquisition every 10 ps for the first 2 ms and at
1 ms intervals after that. The terms and formulas for the
OJIP test parameters are shown in Table 1 (Strasser et al.
2004). The OJIP test was performed on intact cells previ-
ously incubated in the dark for 5 min. All analyses were
developed in triplicate.

Biochemical characterization of biomass

Photosynthetic pigments, proteins, carbohydrates, and
lipids, were determined following the protocols described
by Moheimani et al. (2013). During the ten days of cul-
ture, 10 mL of each sample was filtered under a vacuum
with 0.45 um microfiber filters,washed with Milli Q water
and frozen at -20 °C. Before performing each analysis,
the samples were thawed, and 2 mL of liquid nitrogen was
added to facilitate cell disruption.

Photosynthetic pigments were determined by using
90% acetone as an extraction solvent. For calculations of
the contents of chlorophylls a, b (ug mL™"), the equations
developed by Ritchie (2008) were used. Protein determina-
tion was performed using the Lowry method, and carbohy-
drate determination was performed using the phenol—sul-
furic colorimetric method (2013). Lipid determination was
performed according to the Folch method using methanol
and chloroform as extraction solvents (2013).

Table 1 Parameters determined through the OJIP test

Data processing and statistical analysis

Fisher's least significant difference (LSD) procedure was
used to perform multiple comparisons of means with a sig-
nificance level of p<0.05. The t-test was also used, with a
confidence level of 95%, to compare the samples before and
immediately after the application of SMF.

Results and discussion

Growth kinetics of cultures exposed to SMF,
at different times of exponential growth

Microscopic characterization of the culture showed that
the consortium was composed of bacillary-shaped bacte-
ria, which generally develop a chemoheterotrophic metabo-
lism (Fig. 2). At the same time, most of the consortium was
composed of unicellular green microalgae with a spherical
shape, which appeared isolated or forming aggregates. From
the morphological analysis of the microalga, the species was
identified following the dichotomous keys of Whitford and
Schumacher (Palmer 1959). The morphological identifica-
tion showed that the species that predominated in the micro-
algae-bacteria consortium was Chlorella sp.

Figure 3 shows the growth kinetics of the consortium
exposed to an SMF of 47 mT applied at different times
during the exponential phase. The lag phase had a short
duration of one day for all cultures, Indicating that they
were adapted to the conditions of the experimental culture.
From day 3, the exponential growth phase began until day
7. Around the eighth day of culture, the linear growth or
slowdown phase began, in which cells started to shade
each other, limiting access to light. In cultures exposed
to SMF during EP early, an increase in biomass concen-
tration of 0.32 to 0.82 g L™! was observed from day 4

Parameters Equations Terms

M, 4 * (F300us = F)/(F = Fy) Approximated initial slope of the fluorescence transients

bp, TR/ABS =1—(Fy/F,)=F /F, Maximum quantum yield for primary photochemistry (at t=0)

W, ET/TR,=1-V, Probability that a trapped exciton moves an electron into the electron
chain beyond Q, (at t=0)

e, ET/ABS=[1—(Fy/FyI* v, Quantum yield for electron transport (at t=0)

bpo 1 —dp, (Fy/F,) Quantum yield of energy dissipation (at t=0)

Gpav Gpo ¥ (1—V,, ) =bp, * (Sp, /tem) Average quantum yield of primary photochemistry (from t=0 to t)

ABS/RC M, *(1/ V)*(1/ ¢p,) Absorption flux per RC

TR/RC M, *(1/ V) Trapped energy flux per RC” (at t=0)

ET/RC M, * (1/ V) * y, Electron transport flux per RC” (at t=0)

Di/RC (ABS/RC)— (TR /RC) Dissipated energy flux per RC" (at t=0)

* RC Reaction centers of photosystem II
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Fig.2 SEM-EDX micrograph of a microalgae-bacteria consortium
where Chlorella sp. predominates. a — bacteria, b — microalgae

1.0 1

0.9 1 —=— Control
08 —e— EP early

e i/i
—A— EP late

07 P /%j;
0.6 / %; 7

0.5+ /i
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Biomass concentration (g/L)

o 1. 2 3 4 5 6 7 8 9 10 11
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Fig.3 Growth curve of Chlorella microalgae-bacteria consortium
exposed to a SMF of 47.23 mT at day 3 (EP early - early exponential
phase) and at day 7 (EP late — late exponential phase) vs. a control
culture. The error bars represent the standard deviation determined
with 3 independent replicates (n=3)

until day 10. In cultures exposed to SMF during EP late,
biomass concentration increased from 0.59 to 0.75 g L™!
from day 8 until day 10. The exposure of microorganisms
to SMF stimulated cell growth, regardless of the growth
phase where it was applied. However, in this study, it was

observed that the exposure of cells to SMF during EP early
was more efficient than during EP late.

Chlorella is characterized by a rapid growth rate and
short generation times (Ji et al. 2019). In consortia with
bacteria, both microorganisms perform cooperative interac-
tions. Microalgae supply organic compounds released during
growth and with O, required for the oxidation of organic
matter (Wang et al. 2023). At the same time, the bacteria
provide the microalgae the CO, needed for photosynthe-
sis, organic growth factors, and vitamins that significantly
improve microalgae growth compared to individual cultures
(Gongalves et al. 2016). Applying the SMF in this type of
culture could stimulate the development of both microor-
ganisms. For example, by increasing the cellular growth
of microalgae, it increases the O, content expelled to the
medium (Small et al. 2012), which bacteria use for their
metabolism. As for bacteria, the influence of the SMF on
these microorganisms has also been reported (Konopacki
and Rakoczy 2019; Raouia et al. 2020; Zieliriski et al. 2021a,
b). The increase in the bacterial community of cultures could
increase the dissolved inorganic carbon content, which the
algae can use as a carbon source during photosynthesis.

The effect of SMF on the maximum biomass concen-
tration, productivity, growth rate, and doubling time of
cultures is shown in Table 2. The maximum biomass con-
centration and the productivity of the cultures exposed to
SMF increased significantly compared to the control cul-
tures. The application of SMF during EP early was also the
best protocol regarding maximum biomass concentration
and productivity, reaching values of 0.89 g L™! and 0.075 g
L~! day~!, respectively. Similar results were obtained by
various authors where an increase in biomass concentration
(X,,..) and productivity (P) was observed concerning control
cultures when SMF was applied (Deamici et al. 2016; Shao
et al. 2018; Costa et al. 2020; Luo et al. 2020).

Regarding the SMF exposure time, various authors have
already studied it widely it. It was observed that both the
permanent exposure to SMF during the 15 days of culture
and the exposure of 1 h during the 15 days of culture could
stimulate cell growth. Deamici et al. (2016) observed in
their application studies of different SMF intensities (30
mT and 60 mT) and different exposure times (1 h day™
and 24 h day™') that the 60 mT 24 h day™' scheme led to
an increase with X, reaching 1.94 ¢ L™', which was sig-
nificantly different concerning control cultures and cultures
exposed to other SMF application schemes. The applica-
tion of 60 mT (24 h day™") on Spirulina sp. also increased
X,nax compared to the control cultures and the other treat-
ments (Veiga et al. 2020). Our study demonstrated that SMF
applied during EP early affected cell growth, and this effect
was sustained over time.

The growth rate and the duplication time are mutu-
ally dependent parameters that characterize the cell
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Table 2 Maximum biomass concentration (C), biomass productivity (P), specific growth rate (u) and cell doubling time (Tg) of the cultures

exposed to the SMF in different phases of cell growth

Samples CX)(gL™ PX)(gL'day™") u(EPearly) (day™')  up(EPlate) (day™))  Tg (EPearly) (day) Tg (EP late) (day)
Control 0.70+0.02¢  0.056+0.002 ¢ 0.28+0.01° 0.12<0.01° 2.57+0.17 6.23 +0.50°
EP (early)  0.89+0.01%  0.075+0.001 2 0.33+0.02° 0.13+0.02%° 2.20+0.13° 5.92+0.18%
EP (late) 0.77+0.01°  0.063+0.001° 0.27+0.04° 0.15+0.02° 2.67+0.42° 4.99+0.73°

The determination of p was calculated on culture days 3, 4, 5 and 6 for the cultures exposed to SMF during the (EP early) and days 6, 7, 8 and 9

for the cultures exposed during (EP late)

Different letters represent significant differences (LSD Test, P <0.05)
Number of independent replicates used for calculations (n=3)

+ Standard deviation

< Standard deviation less than 0.01

duplication of microorganisms during the exponential
growth phase. The application of SMF during EP early
and EP late increased the growth rate of microorganisms,
thus decreasing doubling times (Tg). These data show the
stimulating effect on cell growth of the application of this
physical agent, regardless of the growth phase where it
is applied, being more effective during EP early. Various
authors have obtained similar results. It has been observed
that the application of SMF could decrease the Tg of the
cultures depending on the induction of SMF applied and
the exposure time (Deamici et al. 2016). Secondly, some
authors have described that the changes in the counts
of Chlorella pyrenoidosa could be attributed to the influ-
ence of magnetic fields on the biological functions of the
microorganism due to changes in hormones and the activ-
ity of some enzymes, the membrane transport of ions or
DNA transcription (Han et al. 2016).

2550
[11. Simple cell
[ 2. Binary cell division (two cells)
2400 == |3 Multiple cell division (four cells) =
900 + b
a
= t
)8 T
® E 750
§ % a b
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S ¥, 600-
8 L
450 4 a . 2
a ] ﬁ a ﬁ ﬂ
a a a
302 B oo ﬁ ﬁ b ks
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Fig.4 Evaluation of the content of single cells, cells in binary divi-
sion and cells in multiple division of cultures exposed to SMF during
early exponential phase (EP early, Fig a) and late exponential phase
(EP late, Fig b); at different times after the application of the SMF (0,
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Cell concentration

Study of the cell division of microalgae
under the effect of SMF

Microalgae display various reproductive patterns. Micro-
algae reproduce all cell structures through the cell cycle
to produce one or several daughter cells (Zachleder et al.
2016). Organisms create a new cell through steps related to
growth, DNA replication, nuclear division, and cell division
(Borowitzka 2016). In this research, the effect of SMF on
the cell division of microalgae was evaluated by counting
single cells, cells in the binary division, and cells in multiple
division.

First of all, it is essential to highlight that two patterns
of cell division were observed in the consortium of micro-
algae-bacteria studied (Fig. 4). During the first days of
culture, cell division was by binary fission and multiple
fission. However, only the binary division reproductive

2550
5900 [ 11. Simple cell b
7| [ 2. Binary cell division (two cells)
2250
2100 b
— a
— 1950
=
= 1800 b
3
1650
VO a
‘\‘,1500_ s 2,
1350
1200
10504 |
T 5 all . NS T
07 2[1]2[1]2[1]2[1]2]1 1 |2[1]2[1]2]1]2[1]2]1
oh Josh[1h [15n24n] 48h | oh [o5n[1h [1.5h[24n] 48h
Control EP late

0.5, 1, 1.5, 24 and 48 h). The error bars represent the standard devia-
tion (n=3). Different letters represent significant differences (LSD
Test, P <0.05) between control cultures and SMF-treated cultures in
the same time period
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pattern was observed from day 7. The presence of one
or several reproductive patterns is related to the growth
conditions or the phase of the life cycle where the organ-
isms are found (Zachleder et al. 2016). Considering the
previous consideration, the microorganisms were well
adapted to the experimental culture conditions in the
first stage of growth. However, around day 7, cell divi-
sion could be limited due to the light limitation due to
increased biomass concentration. BiSova and Zachleder
(2014) explained that light is one of the main factors
affecting cell division in photosynthetic microorganisms.
This means that to the extent that microorganisms are
efficient in capturing photosynthetic radiation, the most
efficient cell division will be, developing cells where cell
division is multiple.

In our research with the application of SMF dur-
ing EP early, the concentration of cells in binary divi-
sion (13.5 % 10* cells mL™") and in multiple division
(19.5x 10* cells mL™") increased with significant dif-
ferences (P <0.05) compared to control cultures. This
increase in mitotic cells was observed from 0.5 h after
the application of SMF. It was sustained over time, which
contributed to the increase in the concentration of single
cells from 24 h after the application of the SMF. However,
in cultures exposed to SMF during EP late, the increased
concentration of binary dividing cells was observed
starting 1 h after SMF exposure. In general, it is known
that the formation of cells in binary or multiple fission
is directly proportional to the increase in DNA replica-
tion-division sequences (BiSova and Zachleder 2014).
In addition, the number of daughter cells formed from
the same mother cell will increase with increasing light

0.74 - .
m BMT }
072 e AMT 4
0.70 %
>= 2 }
o 0.68
0.66 -
0.64 - %
0.62 T 1| T T T 1
2 3 4 5 6 il 8

Days of culture (d)

Fig.5 Evaluation of the quantum yield-QY before (BMT) and imme-
diately after (AMT) of SMF application (a). QY-quantum yield kinet-
ics of cultures with different SMF protocols (b). * represent signifi-

intensity and lengthening of the light period (Zachleder
et al. 2021).

Evaluation of the effect of SMF on photosystem
Il of the photosynthetic organisms present
in the microalgae-bacteria consortium

Based on the results obtained related to the cell division and
its direct relationship with the light phase of photosynthesis,
it was decided to evaluate the effect of SMF on photosystem
II of microorganisms, which has a close relationship with
the efficiency of the processes dependent on the light during
photosynthesis.

We evaluated the effect of an SMF on QY before and
immediately after SMF application and the kinetics of QY
during ten days of culture (Fig. 5). The QY increased sig-
nificantly (p <0.05) immediately after SMF application, for
the cultures exposed during EP early (day 3) and the cul-
tures exposed during EP late (day 7). It was also observed
that under control conditions, QY tends to increase daily
until day 8 and then stabilizing or decreasing, clearly high-
lighting the adaptation of microorganisms to culture condi-
tions. However, in the cultures exposed to SMF, the stimulus
immediately increased the QY, an effect that was maintained
over time. Similar results were obtained by Luo et al. (2021)
who applied a 40 mT SMF on a Chlorella microalgae-bacte-
ria consortium. These researchers observed that from day 4
of the culture, the quantum yield of PS II increased concern-
ing the control cultures, which coincided with the increase
in biomass concentration.

When the fluorescence of chlorophyll is plotted against
the logarithm of time, its kinetics is obtained, which presents

0.74
—=— Control b
0.72 {|—e—EP early
—a— EP late
0.704
S
2 0.68
<
6 0.66
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four inflections named OJIP. The letter O corresponds to
the minimum value of fluorescence (F,) and is when all the
reaction centers are oxidized or “open.” J is related to the
partial reduction of Q, (quinone A). In contrast, I is related
to the partial reduction of Q4 and Qg (quinone A and B),
and P is the maximum value of fluorescence (F,,), where all
the reaction centers are reduced or “closed” (Stirbet 2011).
These inflections provide information on the photochemical
activity of PSII, and reflect the different reduction processes
of the electron transport chain (Li et al. 2019b).

Figure 6 shows the OJIP curves obtained for the cultures
exposed to SMF on day 3 and day 7, before and immedi-
ately after treatment. The variation of the inflections of the
OJIP curves is generally associated with effects on the pho-
tosynthetic apparatus due to the stress induced by high light
(Solovchenko et al. 2013; Kula et al. 2017), stress generated
by high concentrations of potentially toxic substances such
as lead and sodium hypochlorite (Dao and Beardall 2016;
Li et al. 2022), or by the limitation of some nutrients such
as nitrogen (Plyusnina et al. 2020).

The results did not show changes in inflections of the OJIP
curves, so the application of the SMF, in addition to improv-
ing photosynthetic efficiency, did not cause any stress on the
reduction process of PSII. However, SMF treatment increased
the fluorescence emitted by Chl a in all the phases of the OJIP
assay studied, being more significant in those cultures where
the SMF was applied for 1 h on day 3 (Fig. 3.2 A). This could
be related to the fact that during EP early (day 3), the stimulus
generated by the SMF is more efficiently used by the cells
compared to the cells in EP late, probably due to the greater
light availability of these microorganisms because of the low
biomass concentration at that time.

To complete this research stage, the parameters related to
the quantum efficiencies and the specific energy flows per
reaction center were estimated. These parameters allowed
for characterizing the photochemical activity of PSII under
exposure to SMF (Table 3).

M, characterizes the net rate of RC closure during illu-
mination and is associated with variations in the electron
transport chain (ET/RC) or the capture flux per RC (TRy/

Fig. 6 Rapid fluorescence 140000

transient-OJIP curves. a

1200001 | = BMTDay3

Table 3 Parameters determined through the fast OJIP fluorescence
induction test in the samples before magnetic treatment (BMT) and
immediately after the application of the SMF (AMT)

Parameters Day 3 Day 7
BMT AMT BMT AMT

M, 1.30+0.03* 1.33+0.02* 1.02+0.01* 1.00+0.05
Pro 0.67+0.01* 0.70+0.01° 0.70+0.01* 0.73+0.01°
W, 0.44+0.01* 0.42<0.01* 0.51+0.01* 0.53+0.02°
dro 0.86<0.01* 0.87<0.01° 0.85<0.01* 0.86<0.01°
$po 0.78<0.01* 0.79<0.01° 0.79<0.01* 0.80<0.01°
ABS/RC  3.44+0.06° 3.30+0.02° 297+0.03* 2.87+0.08"
TR/RC  231+0.02% 231+0.03* 2.09+0.02% 2.09+0.04*
ET,/RC 1.02+£0.03* 0.98+0.01* 1.07+0.02* 1.09+0.01?
Di /RC 1.13+0.04°  1.00+0.02° 0.88+0.03* 0.79+0.04°

Different letters represent significant differences (LSD Test, P <0.05)
Number of independent replicates used for calculations (n=3)

+ Standard deviation

RC). As shown in Table 3, no variations were observed for
M,. Neither were changes observed with significant differ-
ences for the parameter that relates the probability that a
trapped exciton moves an electron to the electronic chain
beyond Q, (y,). However, the maximum quantum yield
for primary photochemistry (¢pp,) increased significantly
(p<£0.05), from 0.67 to 0.70 for cultures exposed to SMF
during EP early and from 0.70 to 0.73 for cultures exposed to
SMF during EP late. At the same time, the electron transport
quantum yield (¢g,) and energy dissipation quantum yield
(¢pp,) increased significantly compared to cultures before
SMF application. Specifically, ¢, refers to the probabil-
ity that an absorbed photon will move an electron into the
electron transport chain. Considering the above, we could
say that SMF increases the efficiency of electron transport
towards the RC, for cultures exposed during EP early and
those exposed during EP late.

The absorption flux per reaction center (ABS/RC) char-
acterizes the size of the light-gathering antenna of the pho-
tosynthetic apparatus and an increase is generally associated
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with damage to the photosynthetic apparatus due to exter-
nal stress factors (Markou et al. 2017). These stressors of
the photosynthetic apparatus decrease the number of active
RCs capable of absorbing photons through Chl molecules
(Singh et al. 2022). The ABS/RC ratio of cultures exposed
to SMF during EP early decreased significantly from 3.44
to 3.30 for cultures before SMF application and after 1 h
of SMF exposure, respectively. These results suggest that
early application of SMF (EP early, Day 3) increases the
amount of active RC capable of absorbing photons, which
could be associated with increased RC synthesis. However,
although a decreasing trend of ABS/CR was observed in
cultures exposed during EP late, it was not statistically sig-
nificant. According to these results, applying SMF during
EP early is more efficient than that used during EP late.
This behavior could be because, during EP early, cells are
in better metabolic conditions to carry out light-dependent
reactions during photosynthesis. In contrast, the exposure
of cultures to SMF in EP late (Day 7), cells become light-
limited due to increased microalgae-bacteria biomass con-
centration, leading to the decreased photosynthetic capacity
of microorganisms.

The flow of energy trapped by CR (TR,/RC) and the flow
of electron transport by CR (ET/RC) characterize the flow
of energy generated towards the RC (Markou et al. 2017).
No changes were observed, with significant differences in
these parameters between the cultures exposed to SMF and
the control cultures. However, the dissipated energy flux per
reaction center (DI,/RC) decreased significantly after apply-
ing SMF, both for the cultures exposed during EP early and
late. During the first stage of photosynthesis, the chlorophylls
that make up the antenna complexes are excited. Then their
excited electrons are transferred to the reaction centers, which
leads to photochemistry (Stirbet 2011). However, another
part of the absorbed light energy is dissipated through heat
and emits fluorescence. The (DIy/RC) is closely related to
this dissipation process of the energy absorbed by the chlo-
rophyll. The results obtained showed that the application of
SMF increases the efficiency of the energy flow absorbed by
the reaction center, thus decreasing the (DI/RC).

Similar results were reported by Deamici et al. (2019a).
They observed that applying 1 h and 24 h per day of a 30
mT SMF increased the maximum quantum yield for primary
photochemistry (¢pp,) of the cyanobacterium A. platensis.
In addition, this increase in the photosynthetic efficiency of
microorganisms was also associated with an improvement
in electron transfer to the RCs and a decrease in ABS/RC.
However, in our research, in contrast to the study of Deamici
et al. (2019a), it was observed that applying only 1 h dur-
ing the EP early improves the photosynthetic efficiency of
the cultures in a sustained manner over time. This result is
vital since it facilitates the introduction of magnetic technol-
ogy in industrial microalgae culture systems. On the other

hand, although the stimulator effects of SMF on bacterial
growth are known (Zhao et al. 2020; Zieliniski et al. 2021b),
the results obtained related to the increase in the quantum
yield of PS II of microalgae are not directly related to the
bacterial presence in the consortium, since these microor-
ganisms, according to the characterization carried out, are
heterotrophic, so they do not carry out photosynthesis (Eiler
et al. 2006).

Biochemical characterization of the consortium
under the effect of SMF

In microalgae, the cell composition will depend on the
growth phase of the cultures and any stimulus or stress gen-
erated by variations in culture conditions (Ho et al. 2003).
One of the main biomolecules in photosynthetic organisms
are chlorophylls. Chl a is considered one of the most impor-
tant due to its role as a light-harvesting pigment or as a redox
participant in the capture events of electronic excitation and
electron transport in the PSII and I in RCs of the oxygenic
organisms (Bjorn et al. 2009). On the other hand, Chl 4 is an
accessory pigment that absorbs radiation at different wave-
lengths than Chl a, so its primary function is to increase the
radiation absorption capacity of Chl a (Pareek et al. 2017).
In cultures exposed to SMF and control cultures, Chl
a concentration increased with the increase of the day of
culture (Fig. 7). It was also shown that when the SMF was
applied during EP early, the Chl a concentration increased
with significant differences from day 7; while in cultures
exposed to SMF during the EP late, this increase in Chl a
concentration was only observed on day 10. This increase
in chlorophyll content was expected since cultures increased
their biomass concentration under SMF treatment and hence
require a more chlorophyll molecules for capturing light
energy to carry out photosynthesis. On the other hand, the
concentration of Chl b in the cultures also increased with the
increase in the days in the control cultures and the cultures
exposed to SMF. No differences were observed between
the Chl b concentration of the control cultures and the cul-
tures exposed to SMF, until day 10, where the concentra-
tion increased significantly (P <0.05) between the cultures
treated with the magnetic field and the control cultures.
When evaluating the concentration of Chl a and b concern-
ing the biomass concentration of the cultures, no significant
differences were observed between the control cultures and
the cultures exposed to SMF indicating that the concentration
of chlorophyll a and b is directly proportional to the biomass
concentration and is not directly influenced by the SMF. This
confirms that the stimulator effects of SMF is not directly cor-
related with the concentration of photosynthetic pigments in
cells. These effects of the SMF will be given by the efficiency in
which the Chl molecules absorb light, increasing the maximum
quantum yield for primary photochemistry (¢p,), due to the
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Fig.7 Chlorophyll a concentration (a) and chlorophyll 4 concentra-
tion (b) of cultures exposed to SMF or not. Chlorophyll a content per
weight of biomass (¢) and chlorophyll b content per weight of bio-
mass (d). (EP early) were the cultures exposed to SMF during the

increase in the efficiency of electron transport towards the RC,
increasing the number of active RCs and decreasing the flow
of energy dissipated by RC (DI/RC).

Figure 8a compares the protein content of control
cultures and those exposed to SMF during EP early and
EP late at different times during growth. In general, the
protein content increased with increasing culture days.
When SMF was applied during EP early, an significant
increase (P <0.05) in protein content was observed in cul-
tures immediately after SMF application (26.44% w/w)
compared with the same culture before SMF application
(17.41% w/w) (Fig. 8b). This increase in protein content in
cultures exposed to SMF during EP early was maintained
until around day 8 of culture. This behavior could be con-
sidered evidence of the permanence of the effects of SMF
on microorganisms after exposure to this physical agent.
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early exponential phase, and (EP late) were the cultures exposed to
SMF during the late exponential phase, and (control) were the cul-
tures without any SMF treatment. The error bars represent the stand-
ard deviation (n=23)

On the other hand, the increase in the protein content of
the samples could be associated with a metabolic response
of the microorganisms when exposed to the magnetic field.
Khorshidi et al. (2022), in their study of the microalgae
Haematococcus lacustris, observed that the application of
SMF of 2 and 4 mT increased the content of hydrogen per-
oxide (H,0,), inducing the cells to oxidative stress. It also
increased the content of astaxanthin (pigment with strong
antioxidant activity) and the activity of the antioxidant
enzymes superoxide dismutase (SOD), catalase (CAT),
and ascorbate peroxidase (APX), as a possible response
to stress induced by the magnetic field.

On the other hand, no statistically significant changes
were observed immediately after the application of SMF
during EP late. However, around day 10, there was a sta-
tistically significant increase (P <0.05) in protein content
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Fig. 8 Evaluation of the protein content per weight of biomass at dif-
ferent moments of cell growth (a), where (EP early) were the cultures
exposed to SMF during the early exponential phase, and (EP late)
were the cultures exposed to SMF during the late exponential phase,
and (control) were the cultures without any SMF treatment. Evalua-

(59.57% wi/w) compared to control cultures (53.77% w/w).
Although SMF stimulates protein biosynthesis in cells,
applying this physical agent during EP early evidently has a
more marked effect than when applied during EP late.
Proteins in cells are part of almost all life processes
fulfilling specific functions such as maintaining cell integ-
rity, defense against external stress, damage repair, and
regulation of metabolic processes (Khorshidi et al. 2022;
Gautam et al. 2023). Although we did not evaluate the
protein profile at each stage of growth, the increase in
protein could be related to the metabolic processes trig-
gered by the improvement in the photosynthetic efficiency
of photosynthetic organisms, or as mentioned before, a
response to the oxidative stress generated by the SMF in
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Fig. 9 Evaluation of carbohydrate content per weight of biomass at
different moments of cell growth (Figure a), where (EP early) were
the cultures exposed to SMF during the early exponential phase, and
(EP late) were the cultures exposed to SMF during the late exponen-
tial phase, and (control) were the cultures without any SMF treat-
ment. Evaluation of the carbohydrate per weight of biomass of cul-
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tion of the protein content per weight of biomass of cultures before
(BMT) and immediately after (AMT) the application of the SMF (b).
The error bars represent the standard deviation (n=3). Different let-
ters represent significant differences (LSD Test, P<0.05) between
control cultures and SMF-treated cultures in the same time period

microorganisms (Khorshidi et al. 2022). However, the
possible variation in the protein content of the bacterial
community present in the consortium is not ruled out, con-
sidering that these microorganisms are also influenced by
exposure to SMF (Luo et al. 2021).

Carbohydrates are synthesized intracellularly and con-
stitute one of the most significant compounds formed from
photosynthesis (Levasseur et al. 2020). Through complex
metabolic pathways, microalgae and cyanobacteria can
synthesize intracellular monosaccharides, storage poly-
meric glucans, and structurally complex extracellular poly-
saccharides (EPS) (Rossi and De Philippis 2016). Carbo-
hydrates various functions, such as energy reserves, cell
wall structure, and cell communication. We evaluated the
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tures before (BMT) and immediately after (AMT) the application of
the SMF (Figure b). The error bars represent the standard deviation
(n=3). Different letters represent significant differences (LSD Test,
P <0.05) between control cultures and SMF-treated cultures in the
same time period
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Fig. 10 Evaluation carbohydrate concentration at different moments
of cell growth (a), where (EP early) were the cultures exposed to
SMF during the early exponential phase, and (EP late) were the cul-
tures exposed to SMF during the late exponential phase, and (control)
were the cultures without any SMF treatment. Evaluation of the car-

carbohydrate content in cells and the EPS content in the cul-
ture medium. In general, it was observed that the carbohy-
drate content in cells decreased with the increase in culture
days (Figs. 9a and 10a). On day 7, a statistically significant
decrease (P <0.05) was observed during EP early (10.37%
w/w) compared to control cultures (24.28% w/w). In addi-
tion, on day 7 a statistically significant increase (P <0.05)
was also observed in the EPS content in those cultures where
the SMF was applied during EP early (0.034 mg mL~") com-
pared to control cultures (0.025 mg mL™"). It is known that
light intensity is positively correlated with carbohydrate
synthesis (Rossi and De Philippis 2016) and therefore, the
decrease in carbohydrates in cells during culture may be
due to increased biomass concentration since cells begin
to darken, being more noticeable during EP early. At the
same time, the increase in the EPS concentration could be a
response of the cells to the limiting light conditions, as it is
known that one of the functions of EPS is the production of
a physical barrier against harmful agents or environmental
restrictions (Suresh Kumar et al. 2007). These results are in
agreement with Luo et al. (2021) in their study with a Chlo-
rella microalga-bacteria consortium. They observed that a
40 mT SMF increased the EPS content of the cultures, which
was associated with a possible response of microalgae to
nutrient limitation due to cell growth. On the other hand, no
significant changes were observed by us in the carbohydrate
content per biomass weight and the EPS content in solution
(Figs. 9b and 10b, respectively) immediately after the appli-
cation of the SMF. This suggests that the changes observed
during days 7 and 8 of cultures could be associated with
a metabolic response of microorganisms to the change in
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after (AMT) the application of the SMF (b). The error bars represent
the standard deviation (n=3). Different letters represent significant
differences (LSD Test, P <0.05) between control cultures and SMF-
treated cultures in the same time period

culture conditions due to the increase in biomass concentra-
tion and not directly to the application of SMF.

Microalgae can accumulate significant amounts of lipids,
which is why they are considered promising candidates for
the industrial production of biodiesel (Hess et al. 2018; Saj-
jadi et al. 2018). Increased lipid content is due to changes
in culture conditions such as temperature, irradiance, and
nutrient availability (Bellou et al. 2014). Figure 11a, com-
pares the lipid content of control cultures and those exposed
to SMF during EP early and EP late at different times during
growth. In general, the lipid content increased over time.
No significant differences were observed immediately after
the application of the SMF in the cultures exposed during
EP early nor EP late compared to the same culture before
the application of the SMF (Fig. 11b). The maximum lipid
concentration was reached on day 10 in both control cultures
(23.31% w/w) and cultures exposed to SMF during EP early
(23.91% w/w) and EP late (22.67% w /w). From the physi-
ological point of view, the increase in lipid content in all
culture conditions could be due to a response of the cells to
the deterioration of the culture conditions over time.

General discussion: The formation of radical pairs

The evaluation of SMF effects in microalgae cultures has
been extensively studied (Brailo et al. 2018; Shao et al. 2018;
Deamici et al. 2021). However, until now, no consensus
has been reached regarding the mechanisms through which
SMFs act on microalgae. The main proposed mechanisms
are related to magnetic induction, the magneto-mechanical
effect, and the formation of radical pairs (Santos et al. 2017,
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ation of the lipid content per weight of biomass of cultures before
(BMT) and immediately after (AMT) the application of the SMF (b).
The error bars represent the standard deviation (n=3). Different let-
ters represent significant differences (LSD Test, P<0.05) between
control cultures and SMF-treated cultures in the same time period
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Fig. 12 Simplified diagram of the primary photochemistry of micro-
algae under the effect of SMF. Photochemical parameters evalu-
ated: Quantum yield for electron transport (¢pg,), Absorption flux per

Font et al. 2023). Specifically, the formation of radical pairs
is directly related to chlorophyll molecules in plant cells,
which are candidate molecules considered magnetoreceptors
(Hore and Mouritsen 2016). In this mechanism, the exter-
nal magnetic field could drive the electrons from the singlet
state to the triplet state, leading to changes in the products
of metabolic reactions generated in cells (Wong et al. 2021).

Our study demonstrated that the SMF acts directly on
the photosynthetic apparatus of microorganisms, specifically
on PS II. In Fig. 12, the primary photochemistry of micro-
algae under the effect of SMF is illustrated in a simplified

Radical pair formation:

production of radical
pair P680-* Phe-
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4. Increase quantum yield (¢p,) of
the PS 1l
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Primary
Electron Acceptor,
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ATP
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reaction center (ABS/RC), and quantum yield of the PS II (¢p,).The
parameters marked in red are positively influenced by the SMF

diagram. For a better understanding of this figure, the main
photochemical processes triggered during the light phase of
photosynthesis are detailed below.

During oxygenic photosynthesis, the chloroplasts of the cells
capture light through the light-harvesting complex (LHC) pre-
sent in PS I and PSII embedded in the thylakoid membranes
(Junge 2019). These LHCs comprise chlorophylls a, b, bound
to some proteins and carotenoids (Croce and van Amerongen
2020). Light collected at the LHC is transferred by inductive
resonance to RC (Melkozernov et al. 1998). Each photosystem
has one or several RCs with a special Chl a molecule inside.
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The RC core is defined as the minimal set of subunits required
to oxidize water (Vinyard et al. 2013). PS I has a Chl molecule
that absorbs at wavelengths of 700 nm (P700), while PS II has
a Chl molecule that absorbs at wavelengths of 680 nm. During
the first stage of photosynthesis, PS Il is excited by the absorp-
tion of a photon of light energy by the special chlorophyll P
680 (Mamedov et al. 2015). This process releases an electron
to the photosynthetic electron transport chain. At the same time,
the oxidized form of chlorophyll (P 680%) is temporarily gen-
erated from the RC. SMF applied to the cultures during this
stage of photosynthesis increases the quantum yield for elec-
tron transport (¢p,), a photochemical parameter associated with
the probability that an absorbed photon will move an electron
into the electron transport chain (Table 3). With this increase in
electron transport performance, cells are forced to divert their
normal metabolism towards producing new RCs, to allow them
to cope with the improvement in electron transport efficiency.
This behavior leads to decreased absorption and flux per reac-
tion center (ABS/RC), a parameter inversely proportional to
the number of active reaction centers in the cells. This process
could be accompanied by increased protein concentration in the
cells immediately after applying SMF.

The special chlorophyll in the reaction center generated after
light excitation (P 680™) reduces in a short period (picoseconds)
the pheophytin molecule (Phe), forming the radical pair P680**
and Phe®” (Barber 2003; Mamedov et al. 2015). The radical
Phe*” reduces a plastoquinone molecule bound to the protein
quinone A (Q,), beginning an electron transfer process between
photosystem I and I (PS I and PS II) where quinone (Qg) also
intervenes through the electron transport chain (Mamedov et al.
2015; Shen 2015). The energy released is then used to synthesize
ATP. At this point, by increasing the flow of electron transport
in the RC, the SMF makes the cells synthesize new RCs due to
the stimulus received. These new RCs promote an increase in
the concentration of P680** and Phe®~ radical pairs since each
new RC formed will contribute new pairs of radicals, which will
later be used to reduce Q, in the electron transport chain. These
radical pairs increase the overall efficiency of the primary pho-
tochemistry of PS II (¢p,) and photosynthesis, improving cell
division through increasing cells in binary and multiple division
(Fig. 3). These results constitute a novelty of this research since it
was possible to relate the relationship between the photochemical
parameters studied with one of the previously explained mecha-
nisms related to forming radical pairs.

With the results obtained in this research related to improv-
ing the photosynthetic efficiency of microalgae, the perma-
nence over time of the effects observed in microorganisms
after exposure to SMF could also be explained. The presence
of new RC and radical pairs in the cells generated by exposure
to SMF allows the increase in the quantum yield of the organ-
isms and the biomass concentration to be maintained over time
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until culture conditions change due to nutrient limitation or
light. With the magnetic treatment of the inoculum on a labora-
tory scale, the increase in the photosynthetic efficiency of the
microorganisms could be guaranteed to be later inoculated in
the industrial photobioreactors without incurring the expenses
associated with the scaling of the technology.

Conclusions

The application of SMF of 47 mT increased the biomass con-
centration and the productivity of the Chlorella microalgae-
bacteria consortium, being more significant and sustained when
applied during EP early. SMF improved the cell division of
microorganisms, increasing the concentration of cells in the
binary division and multiple division for cultures exposed
during EP early; and cells in the binary division for cultures
exposed during EP late. The characterization of the photochem-
ical activity of PSII showed that SMF increases the maximum
quantum yield by primary photochemistry (¢p,), the quantum
yield by electron transport (¢pg,), and the quantum yield by
energy dissipation (¢p,) of the cultures exposed during EP early
and EP late. Applying SMF stimulated the protein synthesis of
the cultures exposed during EP early. Furthermore, the carbohy-
drate content in the cells decreased with a consequent increase
in EPS, of the cultures exposed during EP early. No variations
were observed in terms of lipid concentration between the
cultures exposed to SMF and the control cultures. The forma-
tion of pair radicals P680** and Phe®~ radicals is proposed as
a mechanism of action of SMF in microalgae cultures due to
the increase of the RC of PS II, generating an increase in the
photosynthetic efficiency of the microorganisms.
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