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Abstract
This study evaluated the growth stimulatory effect of low-frequency ultrasound on an ecologically and economically important
marine diatom, Skeletonema costatum. To investigate the effect of repeated ultrasonication and the optimum duration of
ultrasonication, S. costatum cells were exposed to low-frequency ultrasound (40 kHz) for 0, 2, 30 or 90 s under two sonication
conditions: a one-time sonication treatment or a 24-h interval treatment. The cell density and cellular carbohydrate content
increased in the ultrasonicated cultures. Similarly, the photosynthetic efficiency, particularly in the exponential growth phase,
was enhanced in ultrasonicated cultures, which might account for the enhanced cell growth. At the end of the experiment,
compared with the corresponding one-time treatment groups, the cell density in the 30-s sonicated culture and the cellular
carbohydrate concentration in the 2-s sonicated culture of the 24-h interval treatment group were increased by 34 ± 4% and
28 ± 3%, respectively. This indicates that, under the same ultrasonic treatment conditions, a higher cellular carbohydrate content
can be achieved by repeating the ultrasonication. This study also revealed that, compared with control, the silica/nitrate ratio and
silica/phosphate ratio required to produce the same number of S. costatum cells were lower in the sonicated cultures, particularly
in the one-time sonicated cultures. This finding indicates that ultrasonic irradiation results in the light silicification of S. costatum
cells. This study provides valuable information on the diatom response to low-frequency ultrasonic irradiation and is an important
benchmark study for future biotechnological applications of the mass production of S. costatum and other microalgae.
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Introduction

Diatoms are microscopic unicellular algae that are abundant in
nearly all aquatic habitats. On a global scale, diatoms contrib-
ute at least 20% of annual primary productivity, which is
equivalent to that of the tropical rain forests (Nelson et al.
1995). Skeletonema costatum (Greville) Cleve is a marine
and occasionally brackish, cosmopolitan diatom species main-
ly found in coastal areas (Castillo et al. 1995). Skeletonema
costatum plays an important ecological role, as it forms large-
scale algal blooms in eutrophic coastal waters and estuaries
(Jiang et al. 2010; Wang et al. 2016). Additionally,
S. costatum has been mass-cultivated in shrimp hatcheries
(Uddin and Zafar 2007; Lestari et al. 2014). Moreover,
S. costatum was recently suggested as a potential source of
biodiesel production as their saturated fatty acids (e.g. palmitic
acid (C16:0) and stearic acid (C18:0) are the predominant
acids (approximately 90%) in algal oil (Rekha et al. 2012;
Pérez et al. 2017) and human food as they contain consider-
able amounts of vitamins and minerals (Kumar and Prabu
2015). The mass cultivation of S. costatum is desirable due
to its high lipid and fatty acid content, and it is tolerant to a
wide range of light, temperature (Rekha et al. 2012; Pérez
et al. 2017), pH and salinity conditions (Khan et al. 1998;
Taraldsvik and Myklestad 2000; Balzano et al. 2010). The
carbohydrate content of microalgae is a suitable substrate for
biodiesel generation and constitutes one of the major biomass
components of microalgae (Markou et al. 2012). At present,
two main approaches are used to produce microalgae that are
enriched in carbohydrates for use as a feedstock for biodiesel
generation: (1) screenmicroalgae to identify those that are rich
in carbohydrates and (2) the nutrient limitation strategy
(Markou et al. 2012). The enrichment of microalgae that pro-
duce a high carbohydrate content under various stress condi-
tions has been documented for many years (Warr et al. 1985;
Penna et al. 1999; Markou et al. 2012).

The biological effects of ultrasound on organisms (bacteria,
microalgae, plants and animal cells) have been investigated
for nearly a century (Harvey and Loomis 1928; Miller 1979).
However, this research has been intermittent. Today, we know
that the effect of ultrasonic irradiation on the physiology of an
organism will vary depending on the species and on the ultra-
sound frequency or the power intensity employed (Francko
et al. 1990; Rokhina et al. 2009; Golub and Levtun 2016; Yao
et al. 2019). Over the past 20 years, extensive research has
been conducted to clarify the effects of high sonication doses
(high intensity and frequency) and longer sonication times
(usually more than 2 min), particularly focusing on the appli-
cation of ultrasonic irradiation on microalgal growth control
(i.e. an inhibitory effect) (Hao et al. 2004; Ma et al. 2005;
Zhang et al. 2006; Joyce et al. 2010; Li et al. 2019; Yao
et al. 2019). However, relatively little research has been con-
ducted regarding the effect of ultrasonic irradiation on

stimulating the growth of microalgae, e.g. in blue-green algae
(Francko et al. 1990) and green algae (Golub and Levtun
2016; Sivaramakrishnan and Incharoensakdi 2019), and there
is no information about the growth stimulatory effect of low-
frequency ultrasonic irradiation on diatoms in general or on
S. costatum specifically. Furthermore, these previous studies
lack consolidated information about the effect of ultrasonic
irradiation on culture media and the associated physiological
changes of microalgae. Thus, the objective of this research
was to generate scientific data about the effect of low-
frequency ultrasonic irradiation on the growth of a marine
diatom, S. costatum, and on the nutrient conditions of the
culture media. We hypothesized that the growth of
S. costatum would be promoted by ultrasound irradiation but
that the sonication time and conditions would differentially
alter the level of response. This study on enhancing the growth
and biomass accumulation of S. costatum is important to fu-
ture research on the biotechnological aspects of biodiesel gen-
eration and human food production.

Materials and methods

Diatom strain and culture conditions

The axenic culture of S. costatum (strain no. MMDL50645)
was accessed from the phytoplankton strain collection centre
of the Diatom Laboratory, School Life Sciences, Xiamen
University, China. The strain was originally isolated from a
water sample taken from Xiamen Bay, Fujian, China.
Skeletonema costatum was cultured in sterilized f/2 culture
medium that was prepared by filtering sea water (~ 29‰ sa-
linity) through a 0.45-μm pore membrane filter, autoclaving
and adding nutrients and vitamins (Guillard and Ryther 1962).
The inoculum was initially cultured for 8 days in a 1-L
Erlenmeyer flask in a microalgae growth roomwhere the tem-
perature, light intensity and light-dark cycle were set at 20 °C
(± 0.2 °C), 100 μmol photons m−2 s−1 and 12:12 h, respective-
ly. The flask was manually shaken twice per day. At the be-
ginning of the exponential growth phase, an aliquot of inocu-
lum was transferred into a 1-L experimental flask. The culture
conditions were kept the same for the inoculum and experi-
mental flasks.

Experimental conditions

To test the effect of low-frequency ultrasound on the growth
kinetics of S. costatum, f/2 medium was prepared in 1-L ex-
perimental flasks (“Diatom strain and culture conditions”) and
inoculated with 1 × 104 cells L−1. The culture flasks were then
immersed up to the neck in an ultrasonic cleaner bath (model:
KQ-300 DE, Kunshan Ultrasonic Instruments Company,
Kunshan, China). The ultrasonic output, power and sound
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vibrational frequency generated by the ultrasonic cleaner were
220 V/50 Hz, 300 W and 40 kHz, respectively. The power
frequency applied to the microalgae culture was 40 kHz. As
high ultrasonic irradiation doses (high ultrasonic intensity and
long durations) have a negative effect on the growth of
microalgae (Hao et al. 2004; Joyce et al. 2014; Golub and
Levtun 2016), we applied a low frequency and a short soni-
cation time in our experiment. We investigated the effect of
one-time and repeated ultrasonication on the physiology of
S. costatum cells. In the one-time treatment groups, the sam-
ples were sonicated for 0, 2, 30 or 90 s once on the first day.
To explore the effect of repeated sonication sessions,
S. costatum cells were sonicated repeatedly in a 24-h interval
(24-h interval treatment groups) for 0, 2, 30 or 90 s. The
cultures were sonicated with a 100% duty cycle intensity at
20 °C. After sonication, all samples were placed in a culture
room, and the growth conditions were maintained as specified
in “Diatom strain and culture conditions”. Finally, 30 mL al-
iquots of the samples were drawn from culture flasks to ana-
lyse the physiological parameters. The experiment period was
17 days and was performed in triplicate.

Analysis of physiological parameters

The concentrations of dissolved inorganic nitrate (DIN), phos-
phate (DIP) and silica (DSi) were measured by a SKALAR
San++ automated wet chemistry continuous flow analyser
(CFA). To measure the growth of S. costatum cells, the cell
density (microscopy count) was estimated by taking 2 mL
samples, fixing with 1% acidic Lugol’s solution and counting
using a Sedgewick-Rafter counting chamber (Guillard and
Sieracki 2005). The total cell density was expressed as cells
L−1. To measure the photosynthetic parameters, the maximum
photochemical efficiency (quantum yield) of open reaction
centre II (Fv/Fm) was measured after the samples were kept
in the dark for 15 min. Fv/Fm was determined by measuring
the fluorescence absorption by pulse-amplitude modulation
(PAM) fluorometry (Phyto-PAM, Heinz Walz GmbH,
Germany) (Cosgrove and Borowitzka 2011).

The cellular and extracellular carbohydrate content of
S. costatumwas estimated by analysing the extracellular (“de-
tached”) polysaccharide concentration and the cellular (cell
wall and reserve) polysaccharide concentration using glucose
as a standard reagent, according to the following procedures.
First, 10mL of culture was transferred into a 15-mL centrifuge
tube and centrifuged at 22,000×g for 10 min. The supernatant
was transferred to another centrifuge tube to analyse the ex-
tracellular carbohydrate content, and the pellet was used for
the cellular carbohydrate analysis. To hydrolyse the cellular
carbohydrate content and resuspend the pellets, 2 mL of PBS
was added to the centrifuge tube. The cell suspensionwas then
frozen at − 80 °C for 30 min, thawed and shaken (repeated
three times). Next, the cell suspension was sonicated for

20 min and centrifuged at 11,000×g for 10 min. The superna-
tant was transferred into a fresh centrifuge tube for the analy-
sis. From the supernatants, 1 mL was transferred into a
Luokow test tube, and distilled water was added up to 2 mL.
Next, 1 mL of 5% phenol was added and mixed well; imme-
diately afterwards, 5 mL of concentrated sulphuric acid was
added, and the solution was boiled for 30 min. Finally, the
solution was cooled to room temperate, and the OD was mea-
sured at 490 nm.

Calculations and statistical analyses

To measure the effect of ultrasonic irradiation on the nutrient
absorption efficiency of S. costatum, the nutrient uptake rate
(R) and the specific nutrient uptake rate (Rc) were calculated
according to (Eq. (1)) and (Eq. (2)), respectively, where Rc
was obtained by normalizing R by the cell density:

R ¼ S0−S f

t f −t0
ð1Þ

Rc ¼ S0−S f

t f *N
ð2Þ

where R represents the nutrient uptake rate and Rc repre-
sents the specific nutrient uptake rates of DSi, DIN and DIP.
The specific nutrient uptake rates of DSi (RSi), DIN (RN) and
DIP (RP) were estimated based on the cell density (μg
cell−1 h−1), where N is the cell density (number), S0 is the
initial concentration of nutrient, Sf is the nutrient concentration
at time tf and tf is the time at the end of the experiment
(16 days, 384 h).

To measure the amount of nutrient required to produce a
given number of S. costatum cells, the cell production based
on nutrient consumption was calculated using (Eq. (3)):

Y ¼ N f −N0

S0−S f
ð3Þ

where Y is the cell production associated with the consump-
tion of nutrients (DSi, DIN, DIP), S0 and Sf are the initial and
final nutrient concentrations and N is the cell density with
respect to the nutrients S0 and Sf. The cell production based
on DSi, DIN and DIP are represented as YSi, YN and YP, re-
spectively. YP/TN, YP/YSi and YN/YSi were calculated to assess
the nutrient ratios (N/Si, P/Si and N/P) required to produce the
same number of S. costatum cells.

The relationships between variables were assessed by
Pearson’s correlation. Two-way ANOVA was applied using
SPSS 16 to identify significant differences between conditions
(one-time and 24-h interval treatment) and between sonication
times (0, 2, 30 and 90 s). Data from days 13–17 were used to
determine statistical significance.
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Results

The effect of low-frequency ultrasonication on resid-
ual nutrient concentration and nutrient uptake

On the initial day, the dissolved nutrient concentrations in
the sonicated S. costatum cultures were higher than those of
the control. The residual dissolved inorganic nutrient con-
centrations of S. costatum cultures showed distinct variations
between treatment conditions and between sonication times
(Fig. 1). The residual DSi concentrations of both the one-
time and 24-h interval treatment groups were markedly
higher than that of the control. In general, the DSi concen-
trations of the 24-h interval sonicated cultures were higher
than those of the one-time sonicated cultures. The DSi con-
centration on the initial day was relatively increased (com-
pared with control) by 24.7 ± 7% in the 2 s one-time group
and by 42.1 ± 9% in the 90 s 24-h interval group, respective-
ly. At the end of the experiment, the lowest residual DSi
concentration was observed in the 30-s sonicated culture of
the 24-h interval treatment group. The variations in DSi con-
centration between the one-time and the 24-h interval treat-
ment groups, and between the sonication times, were statis-
tically significant (Table 1).

Generally, the residual DIN concentrations of both the
one-time and 24-h interval treatment groups were lower than
that of the control. Unlike the DSi concentration, the change
(compared with control) in the initial day DIN and DIP con-
centrations was less than 10% for most treatments.
Compared with the control, the initial day DIN concentra-
tions in the S. costatum cultures were relatively increased by
3.6% and 4% in the 2-s and 90-s sonicated cultures of the 24-
h interval treatment group, while it was increased by only
0.3% in the 30-s sonicated culture. This result was in agree-
ment with the lowest DIN concentrations at the end of the
experiment being measured in the 30-s sonicated cultures of
both groups (Fig. 1 c and d). Compared with control, the
initial day DIP concentrations were relatively increased by

5% and 3% in the 2-s and 90-s sonicated cultures, respec-
tively, while it was decreased by 0.2% in the 30-s sonicated
culture of the 24-h interval treatment group. Accordingly, at
the end of the experiment, the lowest DIP concentration was
detected in the 30-s sonicated culture of the one-time group
and was undetectable in the 30-s sonicated 24-h interval
treatment group (Fig. 1 e and f). The observed variation of
the DIP concentration between treatment conditions was not
statistically significant (Table 1).

The specifc nutrient uptake rate of S. costatum was in-
creased in the sonicated cultures compared with control, ex-
cept for the uptake rate of DSi which was decreased in the
one-time sonicated cultures (Fig. 2a–c). Moreover, the nutri-
ent uptake rate of S. costatum was higher in the 24-h interval
sonicated cultures than in the one-time sonicated cultures.
This was congruent with higher cell densities and cellular
carbohydrate concentrations in the 24-h interval sonicated cul-
tures than in the one-time sonicated cultures. The DSi uptake
rate of S. costatumwas decreased in all the one-time sonicated
cultures and in the 2-s sonicated culture of the 24-h interval
treatment group. Compared with control, the DSi uptake rate
was relatively decreased in all one-time treatment cultures but
was statistically significant (p < 0.05) for only the 90-s soni-
cated culture (Fig. 2a). The DSi uptake rate was significantly
(p < 0.05) increased in the 30-s and 90-s sonicated cultures of
the 24-h interval treatment group compared with control (Fig.
2a). The DIN uptake rate of S. costatum was significantly
(p < 0.05) increased in the one-time and 24-h interval treat-
ment groups compared with control (Fig. 2b). The DIP uptake
rates in the sonicated cultures were slightly higher than in the
control and were significantly (p < 0.05) increased in the 2-s
and 30-s sonicated cultures of the one-time treatment group
and in the 2-s and 90-s sonicated 24-h interval treatment
groups (Fig. 2c). The DIP uptake rates in the 24-h interval
treatment group were higher than those of the one-time treat-
ment group except for the one-time 30-s sonicated culture; the
highest DIP uptake rate of S. costatum was observed in the
30 s one-time sonicated culture.

Table 1 Results of the univariate tests and the F tests evaluating the effect of the conditions (column 2) and sonication time (column 3)

Variables Differences between one-time and 24-h interval treatments (df = 1) Differences between sonication times (df = 3)

p F p F

DIP 0.071 0.79 0.607 0.613

DIN 0.179 0.673 0.184 1.664

DSi 0.01 13.14 < 0.001 42.398

Ccah < 0.001 16.701 < 0.001 7.222

Cell density 0.1 2.794 0.001 6.622

Fv/Fm 0.046 4.136 0.046 0.987

DIP, DIN, DSi and Ccah represent dissolved inorganics (phosphate, nitrate, silicate and cellular carbohydrate), respectively. p is significance level and F
is the F test value. df is degree of freedom
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The specific nutrient uptake rates of S. costatum showed
slight variations between DSi, DIN and DIP. The specific up-
take rate of DSi (RSi) was distinctly and significantly (p < 0.05)
decreased (compared with the control) in all sonicated cultures
(Fig. 2d). Similarly, the specific uptake rates of DIN and DIP
(RN and RP) were less than those of the control, except for the
DIN uptake rate of the 2-s sonicated culture in the one-time
treatment group (Fig. 2 e and f). The biomass (cell) production
per nutrient (YSi, YN and YP) significantly (p < 0.05) increased
(compared with control) in the majority of sonicated treatments
(Fig. 3a–c). The YN/YSi ratios (the production of S. costatum
cells based on the consumption of nitrate (YN) and silica (YSi))
were lower than that of the control, except for the 90-s sonicated
culture in the 24-h interval treatment (Fig. 3d). Similarly, the
YP/YSi ratios (the production of S. costatum cells based on the
consumption of phosphate (YN) and silica (YSi)) were lower
than that of the control except for the 30- and 90-s sonicated
cultures of the 24-h interval treatment group (Fig. 3e).
However, the YP/YN ratios were higher than that of the control
in all sonicated cultures (Fig. 3f).

The effect of low-frequency ultrasonication on the cell
density, carbohydrate content and photosynthetic
efficiency

The cell density of S. costatum considerably increased in the
sonicated cultures compared with the control (Fig. 4). In the
24-h interval treatment group, the cell densities of the 30-
and 90-s sonicated cultures were lower than that of the con-
trol during the lag and exponential growth phases; however,
these cell densities became considerably greater than the
control after the exponential phase. The cell density did not
show any systematic pattern of increase or decrease with the
increase or decrease of sonication time. At the end of the
experiment, the cell densities were increased (compared with
control) by 16 ± 8%, 21 ± 10% and 11 ± 3% and 17 ± 9%, 64
± 20% and 31 ± 6% in the 2-, 30- and 90-s sonicated cultures
of the one-time and 24-h interval treatment groups, respec-
tively. The highest cell density was observed in the 30-s
sonicated cultures of both treatment conditions, whereas
the highest cellular carbohydrate concentration was observed

Fig. 1 The effect of low-
frequency ultrasonic irradiation
on residual inorganic concentra-
tions of silica (a and b), nitrate (c
and d) and phosphate (e and f) in
S. costatum cultures that were
sonicated for 0 (control), 2, 30
and 90 s in the one-time (a, c and
e) and 24-h interval treatments (b,
d and f). The data points represent
triplicate analyses (± SE, n = 3)
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in the 2-s sonicated cultures of both treatment conditions.
The variations of cell density between the different

sonication times were statistically significant; however, the
variations between the sonication conditions (between the

Fig. 3 The effect of low-frequency ultrasonic irradiation on the cell pro-
duction per dissolved inorganic, silica, nitrate and phosphate (a, b and c)
and relative biomass yield per nutrient (d, e and f) of S. costatum cell

cultures that were sonicated for 0 (control; triangle), 2, 30 and 90 s in the
one-time (shaded circle) and 24-h interval treatments (open circle). The
data points represent triplicate analyses (± SE, n = 3)

Fig. 2 The effect of low-frequency ultrasonic irradiation on the uptake
rate per volume (a, b, and c) and uptake rate per cell (d, e and f) of the
dissolved inorganics silica (a and d), nitrate (b and e) and phosphate (c

and f) by S. costatum cells that were sonicated for 0 (control, triangle), 2,
30 and 90 s in the one-time (shaded circle) and 24-h interval treatments
(open circle). The data points represent triplicate (± SE, n = 3)
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one-time and 24-h interval treatments) were not significant
(Table 1).

The cellular carbohydrate concentration was less than the
control in the lag and exponential growth phases; however, it
clearly increased after the exponential phase in the one-time
and 24-h interval sonicated cultures. The cellular carbohydrate
concentrations did not show a clear pattern until reaching the
exponential growth phase. For example, the cellular carbohy-
drate concentration of the 90-s treatment was above and below
the control, respectively, during the lag growth phase of the
one-time and 24-h interval treatments. However, after expo-
nential growth, the cellular carbohydrate concentration of all
sonicated cultures drastically increased compared with the
control. Moreover, after the exponential growth phase, the
cellular carbohydrate concentrations of the S. costatum cul-
tures in the 24-h interval treatments were markedly higher
than those of the one-time treatment group (Fig. 5a). The
cellular carbohydrate concentration showed distinct variations
between the different sonication times and conditions. The
average production of cellular carbohydrate by S. costatum
was relatively increased (compared with control) by 15 ±
7%, 13 ± 6% and 9 ± 11% and 53 ± 13%, 30 ± 5% and 20 ±

6%, in the 2-, 30- and 90-s sonicated cultures of the one-time
and 24-h interval treatment groups, respectively. This means
that the cellular carbohydrate production of S. costatum was
1.34-fold enhanced by repeated sonication. The differences
between the one-time treatment and the 24-h interval treat-
ment were highly significant (Table 1). In general, the extra-
cellular carbohydrate contents in the S. costatum cultures were
very low (Supplementary). The ratio of extracellular carbohy-
drate to cellular carbohydrate content of S. costatum was also
very low (Fig. 5b).

The Fv/Fm values of the S. costatum cells increased errati-
cally in the sonicated cultures throughout the culturing time.
In the exponential growing phase, the Fv/Fm values of the
sonicated cultures were higher than that of the control, except
for the 90-s sonicated culture of the one-time interval, which
was slightly lower than the control (Fig. 6).

Discussion

The effect of ultrasonic irradiation on the growth of
S. costatum cells

The increased cell density in the ultrasonicated cultures
clearly indicated that ultrasonication with 40 kHz signifi-
cantly promoted cell growth and the accumulation of bio-
mass. The markedly increased cell densities of the sonicated
cultures were congruent with the increased Fv/Fm values,
indicating that the photochemical performance of
S. costatum was also enhanced, which in turn implies that
ultrasonic irradiation enhanced the light utilization efficiency
of S. costatum (Meng et al. 2012). Sound waves may in-
crease the efficiency of light energy utilization by enhancing
electron transport between original quinone receptors on the
recipient side of PSII, which indicates that more light energy
is used for photochemical reactions and less is used for su-
perfluous excitation (Paleg and Aspinall 1981). Our results
indicated that, in addition to the direct effect on the photo-
chemical efficiency, ultrasonic irradiation has a considerable
effect on the rates of cellular nitrate and phosphate uptake.
This finding indicates that ultrasonic irradiation induced
physiological changes that facilitated nutrient assimilation,
which in turn implies that the increased nutrient uptake rate
could be one of the main reasons for enhanced growth in the
ultrasonicated cultures. Given that the control and treatment
cultures were grown under the same environmental condi-
tions, except for exposure to ultrasonic irradiation, it is pos-
sible to conclude that the enhanced cell growth resulted from
an enhanced photochemical efficiency and nutrient uptake
rate. Additionally, the S. costatum cultures showed a long
lag phase, which could have been due to the diatoms being
initially inhibited by too much light owing to the low cell
density in the freshly inoculated flasks. The considerably

Fig. 4 The effect of low-frequency ultrasonic irradiation on the cell den-
sity of S. costatum cell cultures sonicated for 0 (control), 2, 30 and 90 s in
the one-time (a) and 24-h interval treatments (b). The data points repre-
sent triplicate analyses (± SE, n = 3)
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decreased Fv/Fm values at the end of the experiment might
have resulted from stress due to exhausted nutrients, as the
Fv/Fm values of S. costatum significantly decrease (to less
than 0.1) in nutrient-depleted cultures (Zhang et al. 2016).

The effect of ultrasonic irradiation on enhancing cell
permeability (Zhang et al. 2006; Sivaramakrishnan and
Muthukumar 2012) and using limiting nutrients (Francko
et al. 1990) has been widely documented. Moreover, the
mechanism by which ultrasonic irradiation affects nutrient
uptake and energy transfer through the cell membrane has
been previously described (Nyborg 1982; Bar 1988;
Jomdecha and Prateepasen 2011). It is thought that the
gas bubbles created by ultrasound vibrate within the media
and create acoustic and streaming forces on the boundary
layer of cells, which ultimately enhances mass transfer in
the cell boundary layer (Bar 1988). Relatedly, Jomdecha
and Prateepasen (2011) found that an appropriate level of
ultrasonic energy could influence cells by altering the trans-
port and amount of nutrients and oxygen through cells of
Saccharomyces cerevisiae. In addition to affecting the nu-
trient uptake rate, ultrasonic irradiation can influence cell
growth by changing the cytoplasmic environment; when an
appropriate level of ultrasound intensity is employed, it cre-
ates intracellular microstreaming that influences

cytoplasmic functions (Nyborg 1982). Algae are essentially
transparent to sound waves, as the intrinsic acoustic imped-
ance of algae is very close to that of water, and its sound
scattering is also negligible (Kurokawa et al. 2016). Thus,
the growth of S. costatum could be associated with the di-
rect (non-thermal cavitation) effects of ultrasonication,
such as acoustic radiation and acoustic streaming, that act
on the culture cells. Given the very large wavelength of
ultrasound (3.285 cm at 40 kHz) compared with the algae
size (~ 10 μm average diameter of S. costatum) and the
similar value of algae intrinsic acoustic impedance, it is
more likely that the ultrasound will pass through the
S. costatum cells, dissipating some of the energy to the cells
and creating acoustic streaming. This dissipated energy and
generated acoustic streaming might influence the cytoplas-
mic function of S. costatum. Moreover, the transfer of en-
ergy into cells and the creation of cytoplasmic streaming
due to sound waves has been previously reported (Miller
1986; Hassanien et al. 2014). Microstreaming (in the form
of rotation of chloroplasts and other organelles) in the
leaves of Elodea and sections of primary root tips of Vicia
foba (Martin et al. 1978) has been reported. Similarly, ul-
trasonic irradiation creates microstreaming in soft tissues
(El Ghamrawy et al. (2019).

Fig. 5 The effect of low-frequency ultrasonic irradiation on the cellular
carbohydrate concentration (a and b) and ratio of extracellular to cellular
carbohydrate concentration (c and d) of S. costatum cell cultures

sonicated for 0 (control), 2, 30 and 90 s in the one-time (a and c) and
24-h interval treatments (b and d). The data points represent triplicate
analyses (± SE, n = 3)
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The effect of ultrasonic irradiation on cellular
carbohydrate production

The increased cellular carbohydrate content in ultrasonicated
cultures indicates that 40 kHz ultrasonic irradiation of
S. costatum cells distinctly increased their production of cel-
lular carbohydrate. The synthesis and accumulation of carbo-
hydrates by microalgae as a physiological response to envi-
ronmental stressors such as light, temperature, salinity, pH
and nutrients have been widely reported (Warr et al. 1985;
Hu 2004; Brányiková et al. 2011; Mooij et al. 2016). In dia-
toms, the accumulation of extracellular carbohydrate is en-
hanced when there is limited phosphorus or nitrate
(Myklestad et al. 1972; Millie 1984; Gügi et al. 2015).
Nevertheless, in our experiment, there were no significant
differences in environmental stressors such as temperature,
salinity, light or nutrient concentrations (DIN and DIP) be-
tween treatment and control cultures. Therefore, it is
possible to conclude that the observed high concentration of
cellular carbohydrate in the treatment flasks resulted from a
stress response due to ultrasonic irradiation exposure.

Similarly, Golub and Levtun (2016) reported enhanced accu-
mula t i on of ce l lu l a r ene rgy rese rve molecu l es
(triacylglycerols) in Chlorella vulgaris cells as a result of ul-
trasonic irradiation stress. In line with our results, ultrasonic
irradiation enhanced the biomass of Anabaena flos-aquae by
10–26% and 34–46%, respectively, in normal Moss media
and nutrient-limited media (Francko et al. 199). Ultrasonic
irradiation of Microcystis aeruginosa with 40 kHz increased
the cell number during 15–30-min intervals of exposure
(Joyce et al. 2010). The biomass accumulation of a green alga
(C. vulgaris) increased by 10% when irradiated with 20 kHz
for 60 s per day (Golub and Levtun 2016). It was recently
reported that ultrasonic irradiation treatment enhanced the ac-
cumulation of lipids in a green alga (Scenedesmus sp.)
(Sivaramakrishnan and Incharoensakdi 2019). Furthermore,
the extracellular carbohydrate concentration was less than that
of the control, likely because of mineralization caused by ul-
trasonic irradiation. The ratio of extracellular carbohydrate to
cellular carbohydrate concentration was very low; a similarly
low value was reported for S. costatum (Myklestad et al.
1972), which was due to its low extracellular carbohydrate
content.

The specific mechanism by which ultrasound enhances
carbohydrate production remains unclear. It might be
linked to fluid movement and the radicles that are formed
during ultrasonication. The fluid movement, shear forces
and turbulence in the media created by ultrasonication
(Chen 2006) not only benefit the cells by increasing the
transfer of energy and materials, but this pressure could
directly affect the S. costatum cell wall structure, cell ma-
chinery and cell systems (Sivaramakrishnan and
Incharoensakdi 2019; Yao et al. 2019). However, ultrasonic
irradiation can damage the cells by producing free radicals
that inhibit photosynthesis, damage membranes and induce
l i p i d pe rox ida t i on (Tang e t a l . 2004 ) . Hence ,
ultrasonication, like any environmental factor (e.g. temper-
ature, light and pH) can increase cellular stress and induce
stress-related physiological responses. Related to this, Tang
et a l . (2004) repor ted a 65 and 9% increase in
malondialdehyde production (an indicator of lipid peroxi-
dation) by M. aeruginosa and Synechococcus sp. after
5 min of ultrasonic irradiation. Therefore, the enhanced
production of cellular carbohydrate by S. costatum could
be due to a stress response. However, the cell density of
S. costatum was also greatly increased; therefore, the ob-
served cellular carbohydrate concentration could result
from the interplay between an increased cell density and
accumulated cellular carbohydrate. In addition, the damage
and the benefit to cells caused by ultrasonic irradiation de-
pend on the irradiation dose (frequency, intensity and dura-
tion) and on the microalgae species. Thus, an appropriate
ultrasonic dose should be selected for each specific species.
Our results show that the employed low frequency and

Fig. 6 The effect of low-frequency ultrasonic irradiation on the maxi-
mum quantum yield of PSII (Fv/Fm) of S. costatum cell cultures sonicated
for 0 (control), 2, 30 and 90 s in the one-time (a) and 24-h interval
treatments (b). The data points represent triplicate analyses (± SE, n = 3)
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intensity of ultrasonic irradiation for short durations of time
promoted cell growth and carbohydrate production in
S. costatum.

The effect of ultrasonic irradiation on the dissolved
nutrient concentration and uptake rate of S. costatum

This study revealed that the employed ultrasonic irradiation
increased both the availability of dissolved inorganic nutri-
ents in the culture media and the uptake rate of phosphate
and nitrate by S. costatum cells. The change in the avail-
ability of dissolved nutrients and their uptake rates varied
for both the type of nutrient and the sonication time and
repetition level. The increased availability of dissolved nu-
trients in the culture media demonstrates that ultrasonic ir-
radiation has a direct effect on the mineralization of dis-
solved organic materials in the culture media through action
of oxidative free radicals (Chen 2006; Park et al. 2011; Liu
et al. 2016). The relatively lower residual DIN and DIP
concentrations in the ultrasonicated cultures compared with
control on the final day indicated that the available dis-
solved nutrients were absorbed faster than in the control
culture. The relatively higher concentration of DSi on the
initial day in the sonicated cultures indicated that ultrasonic
irradiation increased the DSi content in the culture media.
This could be explained by the fact that it is difficult for
sodium silicate to dissolve in seawater under normal condi-
tions (Reis Batista et al. 2015). Autoclaving seawater pre-
cipitates various salts (Jones 1967), and sonication in-
creases DSi availability by dissolving sodium silicate and/
or redissolving some of the precipitates in the autoclaved
seawater. Compared with control, the relatively higher con-
centration of residual DSi on the final day of sonication
indicates that ultrasonic irradiation may inhibit silica up-
take. In line with this finding, the residual DSi concentra-
tion on the final day was decreased (compared with the
initial day) by 77% in the control and was decreased by
56%, 57% and 54% and 60%, 70% and 74%, in the 2-s,
30-s and 90-s ultrasonicated cultures of the one-time and
24-h interval treatment groups, respectively. These results
show that the ultrasonic irradiation significantly increased
the availability of dissolved silica, and at the same time, it
may have inhibited the uptake of DSi by S. costatum cells.
Similarly, the specific uptake rate of DSi was significantly
lower in the majority of the one-time treatment cultures
compared with control. This may indicate that the DSi in
the ultrasonicated cultures was not equally taken up by the
S. costatum cells. Moreover, the observed lower (compared
with control) YN/YSi and Yp/YSi values imply that there
was greater DIN and DIP uptake than DSi uptake. This
infers that sonication likely results in light silicification of
the S. costatum cells. The higher (compared with control)
YP/YN values indicate that sonication results in greater DIN

uptake than DIP uptake. The higher specific uptake rates of
DSi in the 24-h interval treatment group compared with the
one-time treatment group indicate that DSi uptake by
S. costatum is stimulated by repeated sonication. The ob-
served higher values of YSi, YN and YP in sonicated cultures
indicate that the production of S. costatum was higher than
control for the same amount of nutrient provided. The
higher values of YN and YP in the 24-h interval group com-
pared with those of the one-time treatment group indicate
that the production of S. costatum was higher in the 24-h
treatment given the same amount of nutrient consumption.

Conclusion and recommendations

This study clearly demonstrated that the employed ultrasonic
irradiation of the marine diatom, S. costatum, induced signif-
icant growth and physiological changes. The co-occurrence of
the highest nutrient uptake, lowest final day nutrient concen-
tration and highest cell density in the 30-s sonicated culture of
the 24-h interval treatment indicates that these conditions are
optimum for enhancing the growth of S. costatum cells. This
information is pertinent to future biotechnological applica-
tions of S. costatum or other diatom mass culturing in the
biodiesel and food processing industries. Regarding biological
applications, we believe that repeated ultrasonication of the
culture would be more economical, as it results in greater cell
densities and carbohydrate production. Additionally, to in-
duce cavitation, we used low-frequency ultrasonic irradiation,
which requires lower ultrasonic power compared with higher
ultrasonic frequency treatment, thereby reducing the energy
demand. However, specific questions remain; these include
“At which growth phase should ultrasonication be applied to
optimize carbohydrate production?” and “How often should
the ultrasonication be repeated to optimize carbohydrate con-
tent?”. These questions should be addressed in future research.

This study specifically revealed the following:

1 Repeated ultrasonication (24-h interval treatment) resulted
in higher growth and cellular carbohydrate production
than one-time treatment, but the one-time treatment still
had higher values than the control.

2 The cell production based on nutrient consumption was
increased in sonicated cultures compared with the control,
thus indicating that the cell production of S. costatum was
higher than control for the same amount of nutrient pro-
vided and diatom growth was enhanced by ultrasonic
irradiation.

3 Ultrasonic irradiation resulted in lower ratios of silica/
nitrate and silica/phosphate, indicating that the
S. costatum cells were lightly silicified in sonicated cul-
tures. However, a further study focusing on how ultrasonic
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irradiation affects diatom silicification would provide a
more thorough understanding.

Given that S. costatum is a diatom species whose cell wall
is made up of silica, ultrasonic irradiation likely has a greater
effect on the cytoplasmic functions than on the cell wall me-
tabolism. Thus, future studies on how ultrasound affects cyto-
plasmic functions and silica deposition in the diatom cell wall
and the associated morphological and physiological changes
would increase our understanding of the ecological implica-
tions of sound.
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