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Abstract
The efficacy of low-frequency ultrasound pulses in cell disaggregation of Chroococcidiopsis sp. aggregates has been studied 
as a possible strategy to improve the productivity and operation of the cultures. The modulation of the ultrasound pulses 
allowed to almost disaggregate most of the cyanobacterial aggregates completely while retaining cellular viability in terms 
of photosynthetic efficiency. In this study we used a strain isolated from the endolithic habitat of the Atacama Desert, the 
driest desert in the world due to the extremely scarce rainfall, low level of relative humidity and extremely high incident 
solar radiation. To survive these conditions and reduce the cell exposure to the incident UV radiation, Chroococcidiopsis sp. 
grows in the form of aggregates, diminishing the associated photo-oxidative damage. However, this adaptation strategy can 
reduce the availability of both light and nutrients to the growing cells. This study showed that the low-frequency ultrasound 
pulses were efficient in disaggregating Chroococcidiopsis sp. aggregates, improving light and nutrient availability to the 
cells. Our results revealed also that the modulated use of ultrasound pulses resulted in a decreased cell sedimentation veloc-
ity which becomes advantageous at large scale. The length of the ultrasound pulses can be optimized to achieve complete 
disaggregation of the aggregates without affecting cell viability. The preservation of cell viability is considered an advantage 
for eventual large-scale production as disaggregating of the aggregates can result in more homogeneous cultures with less 
energy needed to perform mechanical agitation. Additionally, our results indicated an improved growth of cyanobacterium 
in disaggregated cultures.
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Introduction

The study of extremotolerant microorganisms allows us to 
understand the limits of the conditions in which life is pos-
sible, thus, providing answers to fundamental questions about 

the origin, distribution, and evolution of life (Varshney et al. 
2015). In addition, the adaptation capacity of extremotolerant 
microorganisms to the harsh conditions of their habitats is 
partly based on the expression of secondary metabolic path-
ways leading to the biosynthesis of unique, valuable mol-
ecules with applications in human and animal health. These 
molecules include highly antioxidant phenolic compounds, 
peptides, indole derivates and terpenes, among other valu-
able biomolecules groups (Raddadi et al. 2015; Dumorné 
et al. 2017).

In particular, the genus Chroococcidiopsis is known for 
its extremotolerant character and capability to adapt to poly-
extreme environments such as extreme aridity, high salin-
ity, high and low temperatures, and ionizing radiations. The 
cyanobacterium was isolated from the endolithic habitat 
of gypsum rocks of the hyper-arid Atacama Desert (north 
Chile) (Wierzchos et al. 2015). This desert is one of the 
most challenging polyextreme environment on Earth due to 
its hyper-aridity, extreme solar irradiance, both ultraviolet 
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radiation (UVR) and photosynthetic active radiation (PAR), 
high day/night temperature fluctuations and in some cases 
high salinity (Wierzchos et al. 2018). The high solar radia-
tion in the Atacama Desert makes photosynthesis difficult 
due to the photo-oxidative damage suffered by the species 
growing in that habitat (Solovchenko and Merzlyak 2008).

To overcome these conditions, Chroococcidiopsis sp. pro-
duces a layer of exopolysaccharides (EPS) that surround the 
cells allowing them to retain some water and create a more 
humid endolithic environment to live (Singh et al. 2019), 
thereby promoting photosynthesis. This EPS layer favors the 
formation of cellular aggregates (Das et al. 2018), allow-
ing the cyanobacteria to dissipate part of the light received, 
eventually reducing the oxidative damage (Flemming and 
Wingender 2010). To achieve this, the cells accumulate the 
UV-filtering phenolic molecule scytonemin within the out-
ermost EPS sheath (Vítek et al. 2014; Casero et al. 2021). 
As a cyanobacterium, Chroococcidiopsis strains can be of 
biotechnological interest also due to the potential accumula-
tion of valuable pigments including phycobiliproteins (Vítek 
et al. 2014; Montero et al. 2020).

In spite of the potential value of such extremotolerant 
microorganisms from hyperarid habitats, they have never 
been exploited commercially and almost no attempts to pro-
duce them systematically have been reported in the litera-
ture. The latter can be explained based on the limited growth 
rates and productivities of these microorganisms in liquid 
medium (Das et al. 2018). The cyanobacterial exopolysac-
charides have been reported to play a major role in micro-
bial adhesion and, consequently, in keeping the structure 
of cellular aggregates (Li et al. 2001). Independently on 
the variety of biological functions and the biotechnologi-
cal applications of cyanobacterial exopolysaccharides (Cruz 
et al. 2020), the chemical interaction between them induces 
formation of aggregates which tends to make biomass pro-
duction slower. In the particular case of Chroococcidiopsis 
sp., the growth in the form of cellular aggregates can favor 
the economic feasibility of their harvest since high yields 
are obtained with significantly reduced energy and biomass 
production costs (Molina et al. 2003). However, despite the 
above-referred advantage of the aggregates, the cell mor-
phological configuration in aggregates can limit their growth 
due to the lowered availability of light and nutrients reaching 
the central cells of the aggregates compared to the peripheral 
ones (Conradi et al. 2019). As a result, growth can occur at 
different rates within each cell aggregate, depending on each 
cell position and availability of light and nutrients. Accord-
ing to it, the hypothesis of this work is that avoiding aggre-
gation could improve the productivity of cyanobacterium, 
eventually increasing the production and even extraction 
yields of valuable molecules. The strategies and intensity 
used to keep cells disaggregated should guarantee the cells 
viability, this would potentially address improved nutrient 

availability and thus cell growth and hypothetically facilitate 
production on a large scale.

The application of ultrasound pulses to cyanobacterial 
suspensions has shown efficacy in controlling aggregates 
(Joyce et al. 2010; Wu et al. 2011). The development of 
cyanobacterial blooms in water bodies imparts undesirable 
characteristics to the water due to the potential presence of 
toxins (Rajasekhar et al. 2012). Several chemical and physi-
cal methods have been used to control the blooms but have 
limitations in terms of pollution and application on a large 
scale (Lee et al. 2001). Ultrasound treatment can lead to 
structural and functional disruption of cyanobacterial cells 
(Phull et al. 1997) and its use as a treatment option to con-
trol cyanobacterial blooms has been under consideration in 
recent decades. However, only a few works have addressed 
the potential of ultrasound to improve microalgal growth 
(Joyce et al. 2014). This might be useful for species which 
grow forming aggregates, then eventually requiring higher 
energy inputs for agitation and having less light and nutrients 
availability. The rationale behind our work is minimizing the 
energy of the ultrasound pulses applied to cyanobacterial 
aggregates in liquid cultures to that required, to splitting 
the cyanobacterial outer polysaccharide sheath over the cell 
membrane while avoiding cell disruption, thus promoting 
cell disaggregation. Based on this concept, we studied in 
culture flasks the efficacy of low-frequency ultrasound in 
cell disaggregation as a treatment to eventually improve the 
productivity of the Chroococcidiopsis sp. liquid cultures.

Materials and methods

Biological material and culture conditions

The cyanobacterium Chroococcidiopsis sp. was isolated 
from the gypsum rock fragments of the Atacama Desert, 
(23°53′S, 068°08′W and 2,720  m a.s.l.) located in the 
north–south trending depression of the Cordon de Lila 
range, in northern Chile. The isolated cyanobacterium 
was supplied by researchers from the (National Museum 
of Natural Sciences, CSIC, Madrid) to the Algae Bio-
technology research group (BIO-214) of the University of 
Huelva, Spain. A picture of the microorganism is shown 
in Fig. 1. The aggregate is representative of the cell clus-
ter morphology of the samples studied. Chroococcidiopsis 
sp. was cultivated at pH 7 in sterile BG11culture medium, 
which is widely used for the growth of freshwater green 
algae and cyanobacteria (Richmond 2004). The constituents 
of BG11 (per liter) were as follows: 1.5 g NaNO3; 0.04 g 
KH2PO4·3H2O; 0.075 g MgSO4·7H2O; 0.036 g CaCl2·2H2O; 
0.006  g citric acid; 0.006  g ferric ammonium citrate; 
0.222 µg ZnSO4.7H2O; 0.079 µg CuSO4·5H2O; 1.81 µg 
MnCl2·4H2O; 2.86 µg H3BO3; 0.391 µg Na2MoO4·2H2O; 
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0.049 µg Co(NO3)2·6H2O; 0.001 g Na2EDTA. The cultures 
were grown in an algal cultivation room at 25 °C illuminated 
with white fluorescent light of 50–60 µmol photons m–2 s–1, 
bubbled with a mix of CO2 in the air (2.5%, v/v), which was 
the only used carbon source.

Ultrasound treatment

The Chroococcidiopsis sp. cultures or samples were sub-
jected to ultrasound pulses of a given intensity and variable 
duration at the beginning of each experiment, in order to 
promote disaggregation of cell clusters before performing 
further experiments or measuring other parameters. Cultures 
(250 mL in 500 mL Erlenmeyer flasks) or culture samples 
(15 mL in Falcon tubes) were added to the BG11 culture 
medium to reach an initial optical density (OD750) between 
0.5 and 0.7 and subjected to 180 W ultrasound pulses using 
a model Ultrasons H–D bath (Selecta, Spain) for a variable 
duration ranging from a few seconds to 10 min. In the test 
performed to study the effect of ultrasound pulses on the 
growth and viability of Chroococcidiopsis sp., the cultures 
were incubated in the microalgal culture room under the 
conditions indicated above.

Turbidity measurement and kinetics

The optical density at 750 nm (OD750) was measured using a 
Cary 60 UV–Vis spectrophotometer (Agilent Technologies, 
USA) equipped with a temperature control system adjusted 
to 25 °C. The OD750 data provided the information of the 
culture turbidity, which was proportional to the amount of 
biomass present in the culture (Shuler and Kargi 2005).

The decay in the turbidity of Chroococcidiopsis sp. sam-
ples was measured through kinetics, showing a decrease in 
the OD750. The kinetic data are shown in Fig. S1 (Support-
ing Information). The data also provided information on 
the resistance to light passage through the cell aggregates 
(Richmond 2004). The biomass recovery was calculated 
using the data obtained from the turbidity kinetics, which 
was expressed as a percentage and determined using the fol-
lowing expression:

where OD
750

t
0
 is the turbidity of the sample taken at time 

zero while OD
750

t is the turbidity of the sample taken at time 
t of the turbidity kinetics.

In some cases the relative optical density at time zero 
was expressed as a percentage according to the following 
expression:

where OD750 is the optical density at 750 nm; t0 is the time 
zero for a sample not subjected to ultrasound treatment, 
while ti corresponds to the ultrasound-treated samples at 
time zero.

Optical microscopic observations

The observations and images were acquired using an optical 
microscope model CX40 (Olympus, UK) with an objective 
of 10×  or, in some cases, 40×. The resulting images allowed 
us to prepare figures for the distribution of aggregates and 
cells according to their size and abundance. Next, the cell 
aggregates were classified into the following two groups: 
(i) large and medium aggregates with the number of cells 
greater than 5, and (ii) small and non-aggregated cells, 
wherein the small aggregates had cell numbers equal to or 
less than 5. The size of the cell aggregate and individual 
cells was determined based on microscopic observations and 
CellProfiler cell image analysis software (CellProfiler.org).

Maximum quantum yield (Fv/Fm) of Photosystem II

Based on the chlorophyll fluorescence measurements, the 
maximum quantum yield (Fv/Fm) of Photosystem II (PSII) 
was determined according to the method described by 
Schreiber (2004). Quantum yield was measured by placing 
Chroococcidiopsis sp. culture samples into the measuring 
chamber of portable pulse amplitude modulated fluorimeter 
(AquaPEN AP-C 100, Czech Republic). Fv represents the 
minimum level of fluorescence observed after exposing the 
cells to a non-actinic beam and acclimatizing them in the 
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Fig. 1   Picture of Chroococcidiopsis sp. taken under the optic micro-
scope (magnification, 40x)
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dark for 10 min, while Fm was the maximum fluorescence 
observed in cells after exposing them to a short but saturat-
ing actinic light pulse.

Photosynthetic and respiratory activities

The measurement of photosynthetic and respiratory activi-
ties was performed using a Clark electrode (Hansatech, UK). 
The working temperature of the system was maintained at 
25 °C, which received light intensity of 110 µmol photons 
m–2 s–1. A 2.5 mL of culture sample was placed into the 
electrode cuvette and 30 µL of 0.2 M bicarbonate was added. 
The net oxygen consumption by endogenous respiration was 
recorded in darkness, while the net oxygen production was 
recorded during the illumination period. The photosynthetic 
activity was calculated as the sum of slopes obtained in both 
light and dark conditions. The evolution of oxygen was 
quantified as µmoles of O2 produced (photosynthetic activ-
ity) or consumed (endogenous respiratory activity) per unit 
of time (h) and biomass (mg of chlorophyll). Photosynthetic 
and respiratory activity of culture samples of Chroococcidi-
opsis sp. was calculated (Fig. S4, Supporting Information).

Pigment extraction

The extraction and subsequent determination of the total 
content of chlorophylls and carotenoids in the culture 
of Chroococcidiopsis sp. was performed by the method 
described by Cuaresma et al. (2011). Total content of photo-
synthetic pigments of culture samples of Chroococcidiopsis 
sp. was calculated (Fig. S3, Supporting Information).

Specific growth rate

The maximal specific growth rate was calculated during the 
early-mid exponential phase, where cell density showed an 
increase with time according to the following logarithmic 
expression:

where Ct and C0 represent the cell density for times t and 
zero, respectively, and μ represents the specific growth 
rate, expressed in day−1. In this study, the optical density 
at 750 nm was used as an indirect measure of the biomass 
density, while the above equation was used to calculate the 
specific growth rates.

Sedimentation velocity

For the calculation of sedimentation velocity, the expres-
sion based on Stokes' Law (Bürger and Concha 1998) was 
applied. This expression assumes that the sedimentation 

μ = ln(C
t
∕C

0
)∕t

velocity (V), in the case of particles with spherical shape and 
laminar regime, is proportional to the square of the radius of 
a particle, and to the difference of the density of the particle 
and liquid medium. The formula is as follows:

where (i) r and ρs represent the average radius and density 
of the particles, respectively, (ii) g indicates the gravita-
tional acceleration, and (iii) ρl and ɳ denote the density and 
dynamic viscosity of the liquid, respectively. The average 
radius of Chroococcidiopsis sp. was calculated from the 
observations of the cell clusters and individual cells under 
light microscopy (Fig. S2, Supporting Information).

According to De Schryver et al. (2008), bacteria smaller 
than 100 µm always represent a laminar regime. Since bac-
teria are more or less spherical particles and have a chemical 
composition similar to that of cyanobacteria, it is assumed 
that the culture of Chroococcidiopsis sp. represents a lami-
nar regime because of their cells having an average size of 
less than 100 µm. The density of the liquid culture medium 
is similar to that of water at 25 °C (ρl = 997.13 kg m–3) as 
the medium contains mostly water and traces of inorganic 
salts. Similarly, the viscosity of the liquid medium can be 
close to that of the water (ɳ = 1 mPa s–1) with an error of 
10% (Georgi 1996). Finally, as per the method of Milledge 
and Heaven (2013), the approximate value of the density of 
the cyanobacterial biomass was found to be 1100 kg m–3.

Statistics

Unless otherwise indicated, the presented data indicate the 
means of three independent experiments while standard 
deviations are represented in the corresponding figures and 
tables.

Results

Our study aimed to evaluate the efficacy of low-frequency 
ultrasound (LFU) in cell disaggregation as a treatment to 
promote the growth of the extremotolerant cyanobacterium 
Chroococcidiopsis sp. in liquid cultures. This goal should 
be achieved by optimizing the ultrasound pulse duration in 
order to simultaneously limit the impact of the LFU treat-
ment to the cell cluster disaggregation while avoiding any 
negative effect on the cell viability, in order to keep the cul-
tures viable. According to the previous studies detailed in 
the Introduction section, the use of LFU pulses could help 
in disaggregating cellular aggregates of microalgae sus-
pended in a liquid medium (Phull et al. 1997). Accordingly, 
we hypothesized that using ultrasound on the cyanobacterial 

V =
2

9

r2g(�s − �l)
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cultures could allow greater accessibility of light and nutri-
ents into the cultivated cells. Consequently, if there is no 
negative effect on the cell viability by the ultrasound, an 
improvement in growth could be expected which might be 
further advantageous for an eventual production process at 
a larger scale.

To verify whether the proposed hypothesis is valid, we 
first performed a test to analyze whether the application of 
ultrasound pulses had any effect on the aggregation state 
of the Chroococcidiopsis sp. culture in a liquid medium. 
Based on the obtained results, a second test was performed 
to study the effect of ultrasound on the growth and viability 
of Chroococcidiopsis sp. subjected to different durations of 
ultrasound pulse.

Effect of ultrasound treatment on the aggregation 
of Chroococcidiopsis sp. cultures

To test the expected ultrasound-mediated disaggregation 
effect in cyanobacterial aggregates, culture samples were 
subjected to LFU pulses of different duration. The evolution 
of the aggregation state of treated samples was assessed by 
following variations in optical density of the samples and 
comparing the obtained data with those of the non-treated 
samples.

Figure 2 shows the variation in the relative optical den-
sity, plotted versus the ultrasound pulse duration in culture 
samples of Chroococcidiopsis sp. Details of the relative 
optical density meaning are provided in the Materials and 
Methods section. The curve (Fig. 2A) shows a linear trend 
for ultrasound pulse duration lower than 3 min, after which 
a constant maximum value of relative optical density is 

reached. A similar trend is also observed in the light micro-
graphs of Chroococcidiopsis sp. samples (Fig. 2B), where an 
increase in cellular disaggregation was observed as increas-
ing the ultrasound pulse duration, resulting in the maximum 
disaggregation after an ultrasound pulse duration of 3 min.

We have quantified the impact of the pulse duration on 
the aggregation state of the cyanobacterial cell clusters by 
counting under the microscope the number of large, medium 
and small aggregates, as per the criteria described in the 
Materials and Methods section. Specifically, the experiment 
aimed at determining the ultrasound pulse duration required 
for obtaining a fully disaggregated culture sample that even-
tually reached the highest optical density value. The varia-
tions seen in the abundance of cellular entities (Fig. 3) were 
expressed as a percentage and as a function of ultrasound 
pulse duration. The number of small aggregates and non-
aggregated cells was shown to be increased with an increase 
in the ultrasound pulse duration. A higher percentage of 88% 
was obtained for an ultrasound pulse duration of equal to or 
greater than 3 min. From the observations under the optic 
microscope (Fig. 2B), the size of the large aggregates in 
ultrasound-treated samples, measured as average radius, 
decreased by 50% from 11 to 6 µm approximately while 
the size of the small aggregates and non-aggregated cells 
remained constant around 1 µm.

Effect of ultrasound treatment on the growth 
and viability of Chroococcidiopsis sp. culture

In this section, the eventual impact of the ultrasound treat-
ment on cyanobacterial growth and cell viability, meas-
ured as Fv/Fm, was evaluated. Our results were useful in 

Fig. 2   Variations in the relative 
optical density as a function 
of ultrasound pulse duration, 
expressed as a percentage, 
where 0.7 is the relative optical 
density value at time zero (A); 
Images of Chroococcidiopsis 
sp. obtained using the optical 
microscope (bright field) (B).
Culture sample not subjected to 
ultrasound pulses (a); culture 
sample after ultrasound pulses 
of 3 min (b) and 5 min (c). 
Error bars indicate standard 
deviation of three independ-
ent measurements. Procedure 
details are provided in the Mate-
rials and Methods section
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discussing the suggested hypothesis of enabling greater 
availability of nutrients and light to disaggregated cultures. 
Hence, we subjected the cultures to different durations 
of ultrasound pulses (Fig. 4) according to the procedure 
described in the Materials and Methods section.

The variations in the maximal specific growth rate of 
Chroococcidiopsis sp. subjected to different durations of 
ultrasound pulse are shown in Fig. 4A. The curve for the 
control culture and cultures subjected to ultrasound for 
2 min began at a rate of 0.12 day–1, approximately. A slight 
increase was observed in the growth rate of the cultures sub-
jected to a pulse of 4 and 6 min duration, respectively, show-
ing the highest value of approximately 0.13 day–1, which was 
14% higher than the control rate.

Stable and productive growth is associated with the pho-
tosynthetic capability of cells and cell aggregates. To verify 
whether the application of ultrasound pulses did not cause 
the losses in cell viability of cyanobacterial cultures, the 
variations in the time-course evolution of the photochemical 
activity taking place in photosystem II (PSII) was analyzed 
in the samples of Chroococcidiopsis sp. cultures subjected to 
different durations of ultrasound pulses (Fig. 4B). The light 
photochemical usage by ultrasound-treated cultures seems to 
have the same efficiency as the control culture since the val-
ues obtained were between 0.2 and 0.4, which are typical of 
photosynthetically active cultures of cyanobacteria (Zijffers 
et al. 2010; Schuurmans et al. 2015). Only the early values 
of Fv/Fm of ultrasound treated cultures, varying between 0.14 
and 0.18, were lower than the expected values of healthy 
cyanobacterial cells.

Accordingly, if the pulse duration is optimized, as shown 
above, the productivity of Chroococcidiopsis sp. in the liquid 

medium can remain unaltered or even increase slightly by the 
LFU treatment. In addition, a side consequence of the LFU 
treatment is the improved extraction of the biomass with 
organic solvents, as proven by testing the pigment extraction 
which resulted in increased extracted contents of chlorophylls 
and carotenoids (Fig. S3, Supporting Information). This might 
be of interest to improve extraction yields at large scale.

Effect of ultrasound treatment 
on the sedimentation velocity 
of Chroococcidiopsis sp. culture

It has been demonstrated that the disaggregating effect of 
ultrasound pulses on cell aggregates of Chroococcidiopsis 
sp. allows the maximum optical density to be achieved at 
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approximately 3 min of ultrasound pulse. As shown in 
Fig. 2, one of the main consequences of cell disaggrega-
tion is the variation in the sedimentation velocity (Fig. 5) 
of ultrasound-treated cultures. According to Stokes' Law, 
particle size has the greatest influence on the sedimenta-
tion velocity. In this study, the average aggregates’ radius 
was calculated and shown in Fig. S2, which was used to 
obtain the sedimentation velocities of Chroococcidiopsis 
sp. culture samples. According to the figure, the sedimen-
tation velocity decreased with an increase in the ultra-
sound pulse duration. This resulted in approximate varia-
tions between 0.015 and 0.002 m h–1 for control samples 
and samples subjected to ultrasound pulses equal to or 
greater than 3 min, respectively.

Based on these results, it can be suggested that under 
suitable culture conditions, the disaggregation produced 
by low-frequency ultrasound pulses in cultures of 
Chroococcidiopsis sp. can favor their growth. This could 
be at least partly attributed to the greater availability of 
light and nutrients per cell. Also, the operating conditions 
of the cultures could reduce economic and energy costs in 
the agitation processes necessary for the homogenization 
of cultures, which is discussed in the next section.

Discussion

Effect of ultrasound treatment on the aggregation of 
Chroococcidiopsis sp. cultures  The results indicated a 
direct relationship between the duration of the applied 
ultrasound pulses and the increase in the optical density 
value of ultrasound-treated samples. We attribute this 
relationship to the disaggregation caused by the ultrasound 

treatment in the cell aggregates, which was evidenced by 
the light micrographs. In a more disaggregated sample of 
liquid culture, the cell suspension becomes homogeneously 
distributed with an increase in the number of single cells 
and smaller aggregates (Fig. 2). An increased density of 
cell entities in the ultrasound-treated samples interferes 
with the light passage in the spectrophotometer cuvette, 
resulting in a higher spectrophotometer reading. The higher 
optical density of ultrasound treated samples could be 
explained by the fact that the number of non-aggregated 
cells and small aggregates descend slower than larger 
aggregates, as evidenced by the kinetics obtained through 
the time-course evolution of optical density (Figure S1, in 
Supporting Information). As mentioned in the Materials 
and Methods section, Stokes’ law assumes the particle 
size to be the parameter that exhibits a greater influence on 
the sedimentation velocity. Hence, our results are in good 
agreement with the hypothesis suggesting that the non-
aggregated cells and small aggregates to descend slower 
than larger aggregates (Fig. 5). This has a consequence in 
the culture sedimentation velocity, with a side consequence 
in the energy costs of the production process (discussed 
below). In this work, we have intended to infer a conclusion 
which can be generally applied to cyanobacterial 
cultivation: the chemical interaction between cyanobacterial 
exopolysaccharides in viable cells can be energetically 
exceeded by an optimized low energy ultrasound pulse. The 
key aspect of this work is that a minimum ultrasound pulse 
time has been defined that ensures cell disaggregation and 
retention of the full photosynthetic capacity, as shown in 
Results and discussed below.

Effect of ultrasound treatment on the growth and viability 
of Chroococcidiopsis sp.  As expected, our data supported 
the positive impact of modulated ultrasound pulses on the 
growth of Chroococcidiopsis sp. cultures. The ultrasound-
mediated cultures increased disaggregation and greater 
light and nutrient accessibility were provided to individual 
cells in liquid cultures previously occupying inner positions 
in the large Chroococcidiopsis sp. cell clusters before the 
ultrasound treatment. The data obtained on the efficiency 
of the photochemical processes, in turn, demonstrated 
that the ultrasound treatment with the optimized dura-
tion of the pulse did not affect cell viability since the Fv/
Fm values ​​obtained were within the range of values typi-
cal for cyanobacteria in liquid cultures (Schuurmans et al. 
2015). The decrease in Fv/Fm after the first 24 h (Fig. 4B) 
is a common situation in almost each culture treatment for 
the cultures being adapting to the new conditions. In this 
study, we hypothesized that the initial decrease in Fv/Fm for 
ultrasound-treated cultures was due to the cells being more 
disaggregated. Therefore, they experienced a more intense 
light exposure compared to the cells in non-disaggregated 
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Fig. 5   Evolution of the sedimentation velocity of the aggregates as a 
function of the ultrasound pulse duration obtained from the Stokes’ 
Law. Error bars indicate standard deviation of three independent 
measurements. Other details are provided in the Material and Meth-
ods section
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cell clusters, which needed to acclimatize to the newly expe-
rienced light conditions. Such acclimatization process can 
be temporarily linked to a less productive photochemical 
yield of the photosynthetic light fixation process (Richmond 
2004). The sudden increase in the light intensity experienced 
by the individual cells derived from the ultrasound-mediated 
disaggregation of Chroococcidiopsis sp. could be the reason 
behind the Fv/Fm decrease, and the later increase of Fv/Fm to 
regular values is on favor of this argument. Interestingly, the 
reduced disaggregation of the cyanobacterial cultures sub-
jected to ultrasound pulses results in a higher ratio between 
photosynthesis and respiration (Fig. S4, Supporting Infor-
mation). This demonstrates a greater predominance of the 
light-dependent oxygen production reactions in relation to 
those involved in oxygen consumption (the so-called dark 
phase), thus leading to suggest that light is more available to 
the cyanobacterial cells in a disaggregated culture, in coher-
ence with the results of growth. Below the compensation 
point there is a net loss of organic matter (Kirst et al. 2014), 
and conversely, above the compensation point – in viable 
cultures with regular values of Fv/Fm – the growth is favored, 
as unveiled by the obtained results. Whether the mainte-
nance of this pattern of improved photosynthetic capacity 
in disaggregated cells requires frequent application of LFU 
treatment, remains to be investigated. Investigating the light-
harvesting antenna size in disaggregated cyanobacterial cul-
tures of high cell density would be valuable to understand if 
rearrangements of the photosynthetic apparatus are taking 
place in disaggregated cells being subjected to higher irra-
diance. Such rearrangements might be expected in order to 
improve growth and productivity of cells adapted to higher 
irradiance. It has been suggested that substantial improve-
ments in the photosynthetic efficiency and productivity of 
cyanobacterial mass cultures can be obtained upon minimiz-
ing the phycobilisome light-harvesting antenna size (Perrine 
et al. 2012), which has practical application in cyanobacte-
rial mass production.

Cultivation strategies for effective biomass production  The 
sedimentation velocity is a key parameter in gravitational 

sedimentation that allows the comparison between differ-
ent methods for biomass harvesting. Hence, it is useful in 
designing and optimizing cyanobacterial production pro-
cesses (Quijano et al. 2017). Acceleration or deceleration 
of the culture sedimentation has a direct impact on the 
economy of the production. This fact makes it possible to 
discuss two possible cultivation strategies for the eventual 
effective production of Chroococcidiopsis sp. at a pilot scale 
and helps in deciding production conditions that can lead 
to savings in process costs. On the one hand, according to 
our results, the use of ultrasound decreased the state of cell 
aggregation and sedimentation velocity of the cultures sav-
ing on the agitation costs and allowing higher productivi-
ties, while on the other hand, the cultures not treated with 
ultrasound favored aggregation and sedimentation, resulting 
in a cheaper harvest of biomass compared to that of centrifu-
gation. As shown in Table 1, this may represent up to 30% 
of the total costs in the production of microalgae (Molina 
et al. 2003).

Effect of ultrasound treatment on the sedimentation 
velocity of Chroococcidiopsis sp. cultures  As mentioned 
above, obtaining high biomass recovery levels during 
the harvest may help reduce energy costs. Here, we 
highlight that biomass recovery for Chroococcidiopsis 
sp. cultures seems to be significantly faster compared to 
other microalgal and cyanobacterial species, which were 
selected in the literature based on their commercial use 
(Table 1). As well-known and inferred from Stokes’ Law, 
the particle size influences the sedimentation velocity 
greatly. The large size of Chroococcidiopsis sp. aggregates, 
whose diameter is in the average range of 20 to 30 μm (S2, 
Supporting Information), is by far much larger than most 
of the unicellular microalgal cells (Table T1, Supporting 
Information), which obviously becomes advantageous for 
harvesting. The great stability of Chroococcidiopsis sp. 
aggregates is based on the natural linkage between cells 
through their outer EPS sheath that surrounds them. This 
also makes them resistant to mechanical agitation required 
to keep the aggregates suspended in liquid cultures (Montero 

Table 1   Biomass recovery for microalgae and cyanobacteria depending on the harvesting method

Microalga/Cyanobacterium Method used Key factor Biomass recovery (%) Reference

Chroococcidiopsis sp. None Self-aggregation 70% in 15 min This study
None pH 8.5 90% in 60 min Das et al. (2018)

Chlorella vulgaris Bioflocculation Ankistrodesmus falcatus 15% in 8 h Salim et al. (2010)
Bioflocculation Scenedesmus obliquus 35% in 8 h
Centrifugation - 90% Rosine et al. (2018)

Neochloris oleobundans Bioflocculation Tetraselmis suecica 60% in 8 h Salim et al. (2010)
Spirulina Filtration - 98% Zeng et al. (2016)
Chlorococcum sp. Autoflocculation pH 12 94% in 10 min Ummalyma et al. (2016)
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et al. 2020), as evidenced by the time-course stability of 
the aggregate average radius. This stability feature can 
guarantee sedimentation at a larger scale. However, further 
studies are required to prove it. The eventual advantage of 
the stability of the aggregates needed for harvesting becomes 
a disadvantage for growth, which can be overcome by 
subjecting the cultures to modulated ultrasound pulses, as 
shown in this study. The decision of either producing or 
not producing disaggregated cultures depends on the aim of 
each bioprocess.

The influence of natural aggregation phenomena of micro-
algae and cyanobacteria on culture productivity seems to 
be scarcely analyzed in the scientific literature; the existing 
references mostly deal with analyzing the sedimentation 
velocity of each species based on the use of various factors 
or treatments that favor sedimentation (Smith and Davis 
2012; Salim et al. 2013; Quijano et al. 2017). Therefore, it 
is difficult to compare the natural sedimentation velocities 
of specific species of microalgae and cyanobacteria due to 
the large number of physicochemical conditions that affect 
the aggregation. However, the dispersed single cells of 
microalgae have been reported to commonly have a sedi-
mentation velocity range of 0.001 to 0.026 m h–1 (Choi 
et al. 2006) and the sedimentation velocities in our study 
(Fig. 5) were in this range. To improve cyanobacterial pro-
ductivity, an optimized duration of ultrasound pulse was 
required to disaggregate culture. This was presented with 
a low sedimentation velocity, theoretically promoting an 
increase in the growth rate due to the greater accessibil-
ity of light and nutrients. The greater light availability to 
the cells was evidenced by the increased turbidity of the 
ultrasound-treated cultures (Fig. 2), indicating that more 
cells could capture incident photons in the treated cultures 
than in the aggregated control cyanobacterial cultures.

The natural aggregation of Chroococcidiopsis sp. can 
favor the economy of the harvesting process since larger 
particle size eases sedimentation or flocculation tech-
niques, saving energy costs compared to centrifugation 
(Fasaei et al. 2018). However, additional energy costs may 
be required to keep cultures of large size aggregates in liq-
uid medium homogeneously mixed (Montero et al. 2020). 
Meanwhile, since the light and nutrients in principle may 
be less accessible to the inner cells of the aggregates, 
maximal biomass productivity cannot be achieved as well.

Conclusions

Low-frequency ultrasound is effective in producing disag-
gregation of Chroococcidiopsis sp. cells clusters, making 
it an effective way according to our results. Disaggregation 
increases the homogeneity of suspension cultures reducing 

the energy requirements for culture agitation. In addition, 
cyanobacterial growth has been proven greater in disaggre-
gated cultures, based on a demonstrated greater availability 
of light and, expectedly, nutrients. Overall, the adequate 
modulation of LFU pulses to cyanobacterial aggregated 
cultures should be considered as a valuable strategy to 
improved growth and save agitation energy costs.
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