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A B S T R A C T

Eutrophication is a common problem in closed bodies of water areas during the summer. Recent reports have
alleged that bioavailable phosphorus (BAP) in particulate forms contributes to eutrophication. However, current
methods for quantifying particulate BAP are time-consuming and tedious. Here, we investigated the use of
extraction with 0.1 M NaOH solution in combination with ultrasonication to quantify potential BAP in
particulate forms in soils and suspended sediments from an agricultural area. The ultrasonic extraction process
was considerably less time-consuming than conventional methods and would thus permit analysis of a greater
number of samples. The bioavailability of extractable P was verified in algal growth potential assays involving P-
starved Microcystis aeruginosa. The high correlation between the concentration of extracted BAP and M.
aeruginosa growth at day 25 of incubation proved that the entire BAP fraction could be obtained in a single-step
extraction. However, algal growth was also observed in cultures in which solid residues were the sole P source,
confirming that the P left behind after extraction could be taken up by algal cells. This result suggests that in P-
depleted media, algae could utilize cellular nutrients for growth. Therefore, M. aeruginosa is inappropriate for
use in bioassays in P-depleted environments. Cellular mechanism of P uptake by algae should be investigated
further to elucidate the factors that might limit or interfere with algal growth in nutrient-depleted environments.

1. Introduction

Eutrophication is a global problem that degrades surface water
quality by means of the rapid growth of harmful blue-green algae,
which in turn clogs waterways and results in mass death of aquatic
organisms [1,2]. Eutrophication of a water body is caused by excessive
input of nutrients such as, nitrogen (N) and phosphorus (P), usually
derived from human activities in the watershed [3,4]. Owing to recent
improvements in the control of point sources of nutrients, more
research has been directed toward nonpoint, or diffuse, sources [3,5].
Agriculture is a major diffuse source because fertilizers and supple-
ments are used extensively to ensure high crop yields [2,3,5,6].

Among the major nutrients required for the growth of algae,
phosphorus (P) is usually the growth-limiting nutrient because it is
normally in short supply in rivers and other freshwater ecosystems
[7,8]. In efforts to prevent cultural eutrophication, total P (TP) has been
promulgated in water environmental quality standards [9–11]. How-
ever, TP is not always adequate for measuring eutrophication severity
because some forms of P have complex structures and are thus not
bioavailable [6,12,13]. The P in natural environments consists of

various chemical fractions, including organic P, inorganic P, mineral
P, poly-P, metal-bound redox-sensitive P, humic P, and refractory P
[14]. The fractions that can be taken up by algae and really contribute
to eutrophication are referred to as bioavailable phosphorus (BAP)
[6,12,13]. All the chemical forms of P in the environment exist either as
dissolved phosphorus (DP) or particulate phosphorus (PP) [14,15],
which can be separated by centrifugation or filtration. DP is generally
considered to be readily available for algal uptake, whereas PP is
partially bioavailable [6,12]. Because P has a strong affinity for
particulate matter, PP bound to sediment and soil particles constitutes
the majority of P in surface, which flows into aquatic environments
either visa drains or overland routes [15,16]. Therefore, methods for
measuring BAP bound to soils and suspended sediments (particulate
BAP), especially those from agricultural sources, are necessary for
better management of eutrophication in a body of water.

The methods that have been suggested for measuring particulate
BAP [13,14,17–19] are too time-consuming to allow rapid analysis of
large numbers of samples. For example, bioassays using blue-green
algae [17,18], which have been shown to be the most reliable methods
for evaluating the bioavailability of P in soils and sediments, require
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incubation for several weeks. Sequential extraction schemes [12,14,19]
can be used for chemical speciation of P fractions, but these schemes
take at least 4 days per sequence [14], and the use of strong acidic or
alkaline solvents for an excessive amount of time may alter the
chemical structure of the extracted PP, thereby decreasing the accuracy
of BAP determination. A method involving a single extraction with
0.1 M NaOH has been suggested [20], and P concentrations measured
by extraction with 0.1 M NaOH have been found to be equal to BAP
concentrations determined by bioassays [13]. The NaOH extraction
method is currently the most frequently used method to measure
particulate BAP, even though the extraction takes 17 h.

Here, we describe our investigation of a method for measuring
particulate BAP that requires less time than conventional methods
owing to the use of ultrasonication. Ultrasonication has been widely
used for rapid and efficient extraction of various elements from food
and environmental samples [21–25], but its use for quantification of
BAP has been limited. We used extraction with 0.1 M NaOH solution in
combination with ultrasonication to quantify particulate BAP in soil
and suspended sediment collected from an agricultural area. We also
evaluated the bioavailability of PP in the soil and sediments by means
of algal growth potential (AGP) bioassays in which the extraction solid
residues were used as the sole P source.

2. Methods

2.1. Sample collection and preparation

Samples were collected from sites in the watershed of the Umeda
River (length ∼22 km, basin area ∼86 km2), which flows into Mikawa
Bay through the city of Toyohashi (Aichi Prefecture) (Fig. 1). Most of
the land in the watershed (97.5%) is used for intensive agriculture,
especially cabbage fields and quail farms. Heavy use of phosphate
fertilizers and supplements in the area has led to nutrient pollution of
adjacent bodies of water and consequently to widespread eutrophica-
tion in Mikawa Bay, making it one of the most eutrophic regions of
Japan's main island [26].

On 2011 January 26, soil samples were collected randomly from
three places in a representative field of Chinese cabbage located in the
river basin approximately 200 m southwest of Onmaya Bridge (which is
approximately 6.3 km upstream from the river mouth, Fig. 1). In the
laboratory, the soil samples were combined into a single homogenous
sample (designated as soil I) that was a representative of agricultural
soil in the river system [18]. Suspended sediments were manually
collected immediately after storms on 2014 September 5, 11, and
October 6 (designated as sediments II, III, and IV, respectively) near a

water-quality monitoring system at Hataketa Bridge (about 4.9 km
upstream from the river mouth, Fig. 1). Each of the sediments was
concentrated from 60 L of river water with a high-speed continuous-
flow (250 mL/min) centrifugation at an average of 20,000 × g (Himac
CR22G high-speed refrigerated centrifuge, R18C continuous rotor,
Hitachi Koki, Tokyo, Japan), and the supernatant was decanted as
soon as possible to minimize P degradation during storage. The
sediment samples were collected during rains as to ensure that they
were representative of the suspended sediment load in the river system
under study.

The soil and concentrated suspended sediment samples were air-
dried at 40 °C for 3 days. After drying, all samples were sieved through
a 0.149-mm-mesh screen to remove small particles, such as plant fibers,
and then stored under refrigeration at 4 °C.

2.2. BAP extraction

BAP was extracted from the soil and suspended sediment samples
(50 mg of each dried sample) were determined by means of a single-
step extraction [13,20] with 0.1 M NaOH (100 mL) using conventional
mechanical shaking for 17 h (MMS-210 orbit multi shaker, EYELA,
Tokyo, Japan) at ambient temperature. BAP was also extracted from the
soil and suspended sediment samples (50 mg of each dried sample) by
means of extraction with 0.1 M NaOH (50 mL) combined with ultra-
sonication (Ultrasonic Disruptor Sonifier II, model W-450, Branson, CT,
USA) at an ultrasonic intensity of 30 W; 1 mg of sample was treated
with 1 mL of extractant, and the exposure time was 1 min [22]. During
ultrasonication, the ultrasonic horn, which has a fixed operating
frequency of 20 kHz, was placed 1 cm from the bottom and did not
contact the walls of the vial containing the sample and extractant.

The extracts obtained by the two methods were centrifuged at
750 × g for 30 min (Table-top centrifuge model 5100 with an RS-4
universal swing rotor, Kubota, Tokyo, Japan), and the P concentrations
in the clear supernatants were measured as described in Section 2.4. To
evaluate extraction efficiency, we calculated recovery rate by dividing
the sum of the P in the supernatants and the P in the solid residues by
the total amount of P in the before extraction.

2.3. AGP bioassays using Microcystis aeruginosa

Microcystis aeruginosa was used for AGP bioassays because it is one

Fig. 1. Location of sampling sites. Soil samples were collected on 2011 January 26 from a
field of Chinese cabbage. Sediment samples were collected on 2014 September 5, 11, and
October 6 from river water taken immediately after storms.

Fig. 2. Concentrations of extractable phosphorus obtained by ultrasonic extraction and
conventional mechanical extraction, along with total P concentrations. The designations
I–IV correspond to soil samples collected on 2011 January 26 and suspended sediment
samples collected on 2014 September 5, September 11, and October 6, respectively.
Concentrations are means of triplicate values; error bars indicate standard deviations.
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of the most common cyanobacteria responsible for blue-green algal
blooms in freshwater and in low-salinity estuaries around the world
[17,18,27–29]. P-starved M. aeruginosa cultures were prepared from
stock cultures (clone NIES 44, National Institute for Environmental
Studies Collection). Specially, algal cells were collected by centrifuga-
tion at 750 × g for 30 min, rinsed twice with P-free CB medium, and
then incubated in P-free CB medium in 500-mL Erlenmeyer flasks for 2
weeks until the algae began using their intercellular P. P deficiency in
the algae was indicated by fading of the color of the culture from dark
green to yellowish green.

Three types of samples were subjected to AGP bioassays: unex-
tracted soil and sediment samples (control samples, designated as “a”)
and solid residues obtained either by NaOH extraction of soil and
sediment samples with mechanical shaking for 17 h (designated as “b”
or “mechanically extracted samples”) or by NaOH extraction of soil and
sediment samples with ultrasonication (designated as “c” or “ultra-
sonically extracted samples”). Prior to the bioassays, the residues
remaining after either mechanical or ultrasonic extraction and subse-
quent centrifugation were washed twice with distilled water to remove

any remaining NaOH, and the washed residues were air-dried at 40 °C.
P-starved M. aeruginosa (1.3 × 105 cells mL−1) was incubated in

200 mL of P-free CB medium containing each of the samples described
in the preceding paragraph as the sole P source, in an amount
equivalent to 0.1 mg-P L−1 [10,30]. The optimal pH for growth of M.
aeruginosa is approximately 9, so the pH was monitored and maintained
at that value during the incubation [31]. Note that these AGP bioassays
were conducted indirectly – that is, with the residues left after
extraction and centrifugation of soil and sediment samples as the P
source, rather than with the extracts themselves – because the extracts
contained too much NaOH (pH > 12) and the salinity of neutralized
aliquots was too high (> 5%) for M. aeruginosa growth.

As a negative control, algae were incubated in P-free CB medium
containing no external P source; and as a positive control, algae were
incubated in CB-medium containing β-glycerophosphate. In all cases,
incubation was carried out at 25 °C for 42 days in a growth chamber
under cool white fluorescent light with a 12-h light/12-h dark photo-
period at 20 μmol m−2 s−1. Microscopic cell counts were determined
with a hemocytometer to monitor for contamination by indigenous

Fig. 3. Chl-a concentrations in M. aeruginosa cultures incubated with control samples (a), ultrasonically extracted samples (b), and mechanically extracted samples (c). The designations
I–IV correspond to soil samples collected on 2011 January 26 and suspended sediment samples collected on 2014 September 5, September 11, and October 6, respectively. Concentrations
are means of triplicate values obtained by subtracting the blank values for the negative controls; error bars indicate standard deviations.
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bacteria during the incubation period.
We used the concentrations of chlorophyll-a (Chl-a), particulate

organic carbon (POC), particulate organic nitrogen (PON), DP, and PP
as indicators of algal growth. Concentrations were measured for
samples collected on incubation days 0, 7, 25, and 42 and are reported
as averages of three independent replicates per sample.

Chl-a concentrations were determined with a UV-vis spectrophot-
ometer [32] (model V-530, JASCO, Tokyo, Japan) after extraction of
samples with 10 mL of methanol overnight at −20 °C in the dark. POC
and PON concentrations were determined with an atomic high-sensi-
tivity NC analyzer (Sumigraph model NC-22A, Sumika Chemical
Analysis Service, Tokyo, Japan). The DP and PP fractions how were
separated by filtration of samples collected during the incubation (GF/F
glass microfiber filters φ 47 mm, Whatman GE Healthcare, CA, USA).
The DP concentrations were measured as SRP in the aliquots, whereas
the PP concentrations were determined as TP in the digested solids on
filters as described in Section 2.4.

2.4. Determination of P concentrations

The concentrations of P extracted into the solution phase by means
of the ultrasonic and mechanical extraction methods were measured
colorimetrically on neutralized extracts by the molybdenum blue
method [33], which is based on the reaction of PO4-P with molybdate
to form a blue compound. We measured the intensity of the blue color,
which corresponds to the P concentration in solution, by means of a
spectrophotometer (TRAACS 800 Autoanalyzer, Bran and Luebbe,
Norderstedt, Germany). Analysis of raw extracts revealed the amount
of soluble reactive P (SRP) extracted from each soil or sediment sample,
whereas analysis of digested extracts revealed the amount of TP
extracted from each sample. Extracts were digested with 4% potassium
persulfate (K2S2O8) in an autoclave at 120 °C for 30 min, a procedure
that converted all forms of P into SRP, which could be detected by the
autoanalyzer. The quantity of nonreactive P in each extract was derived
from the difference between the TP and SRP concentrations. All

Fig. 4. POC concentrations in cultures ofM. aeruginosa incubated with control samples (a), ultrasonically extracted samples (b), and mechanically extracted samples (c). The designations
I–IV correspond to soil samples collected on 2011 January 26 and suspended sediment samples collected on 2014 September 5, September 11, and October 6, respectively. Concentrations
are means of triplicate values; error bars indicate standard deviations.
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concentrations are reported as averages of duplicates.

3. Results and discussion

3.1. Quantification of extractable BAP

The amounts of BAP extracted by the ultrasonic extraction method
were similar (r2 = 0.97, α < 0.05) to the amounts extracted by the
conventional mechanical extraction method (Fig. 2). The proportions of
extractable BAP in the soil I, sediment II, sediment III, and sediment IV
samples were 34.2%, 35.5%, 55.2%, 45.8%, respectively, when we used
the ultrasonic extraction method; and the corresponding values for the
conventional method were 38.9%, 39.1%, 48.9%, 40.6% (Fig. 2). All
these percentages are consistent with values determined in a previous
study indicating that the proportion of BAP in PP in agricultural streams
ranges from<5% to 69%, depending on the type of agriculture in the

watershed of the stream [12]. Our results also confirm that 0.1 M NaOH
is an appropriate solvent for BAP extraction [13,20]: the average P
recovery rates for the mechanical and ultrasonic extraction methods
were high: 96.1% for soil I, 80.0% for sediment II, 80.5% for sediment
III, and 78.4% for sediment IV for mechanical extraction and 99.9% for
soil I, 88.6% for sediment II, 89.5% for sediment III, and 87.1% for
sediment IV for ultrasonic extraction. In addition, the similarities
between the two sets of recoveries suggest that ultrasonic extraction
with 0.1 M NaOH is an appropriate method for estimating BAP.

3.2. Algal-available P

We cultured P-starved M. aeruginosa (1.3 × 105 cells mL−1) in P-
free CB medium containing soil samples Ia–c and sediment samples
IIa–c, IIIa–c, and IVa–c as the sole P source in an amount equivalent to
0.1 mg-P L−1, which is the approximate TP concentration that limits

Fig. 5. PON concentrations in cultures ofM. aeruginosa incubated with control samples (a), ultrasonically extracted samples (b), and mechanically extracted samples (c). The designations
I–IV correspond to soil samples collected on 2011 January 26 and suspended sediment samples collected on 2014 September 5, September 11, and October 6, respectively. Concentrations
are means of triplicate values; error bars indicate standard deviations.
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algal growth as stipulated in environmental quality standards [10,11].
Because the TP concentrations in the samples differed (Fig. 2), the
average amounts of the samples included in 200 mL of P-free CB
medium were as follows: 18.3 mg of Soil Ia, 27.3 mg of Soil Ib, 31.9 mg
of Soil Ic, 5.1 mg of Sediment IIa, 9.7 mg of Sediment IIb, 12.5 mg of
Sediment IIc, 4.2 mg of Sediment IIIa, 12.3 mg of Sediment IIIb,
13.4 mg of Sediment IIIc, 5.3 mg of Sediment IVa, 12.8 mg of Sediment
IVb, and 13.9 mg of Sediment IVc.

Observation under a microscope revealed that there were no
indigenous bacteria in any of the culture media during the incubation
period.

The temporal dependences of Chl-a, POC, and PON concentrations
over the entire incubation period for all the samples are shown in
Figs. 3–5 , respectively. The Chl-a, POC, and PON curves indicate that
the algae grew slowly during the first week and then increased
dramatically, peaking on day 25 and then declining to the death phase
at around 40 days. These results confirm previous results indicating that

M. aeruginosa reaches the stationary phase 2–3 weeks after the start of
incubation [18]. The increases in the algal growth indicators (Chl-a,
POC, and PON concentrations) for samples obtained by mechanical and
ultrasonic extraction suggest that M. aeruginosa could take up some of
the PP that remained after extraction and that was considered to
contain insignificant amounts of BAP. These results appear to contradict
our hypothesis that the entire BAP fraction could be obtained by means
of a single extraction, that is, that no BAP would remain in the residues
after mechanical or ultrasonic extraction with NaOH and that the algae
would thus not grow when incubated with the extraction residues as the
sole P source.

However, the fact that the increases in the Chl-a, POC, and PON
concentrations in culture media containing extraction residues
(Figs. 3–5b and c) were smaller than the increases for cultures
containing control samples (that is, unextracted samples; Figs. 3–5a)
proved that extraction did remove a substantial proportion of the BAP
from the soils and sediments. Furthermore, the increases in the Chl-a,

Fig. 6. Concentrations of DP ( ) and PP ( ) in cultures ofM. aeruginosa incubated with control samples (a), ultrasonically extracted samples (b), and mechanically extracted samples (c).
The designations I–IV correspond to soil samples collected on 2011 January 26 and suspended sediment samples collected on 2014 September 5, September 11, and October 6,
respectively. Concentrations are means of triplicate values; error bars indicate standard deviations.
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POC, and PON concentrations in culture media containing solid
residues of ultrasonic extraction (Figs. 3–5b) were similar to those in
culture media containing solid residues of mechanical extraction
(Figs. 3–5c). These results are compatible with the aforementioned
BAP quantification results and imply that ultrasonic extraction is a valid
alternative method for estimating BAP in particulate samples. However,
it was necessary for us to determine whether the P remaining in the
solid residues contained BAP that caused algal growth in the AGP
bioassays.

We found that the DP and PP concentrations fluctuated over the
incubation period, but in most cases the sum of the two concentrations
in each medium remained at approximately 0.1 mg L−1 (Fig. 6).
Because soil or suspended sediment or solid residue was the sole source
of P in each medium, M. aeruginosa must have taken up P from the soil
or sediment into their cells, which is why PP was the predominant form
of P in the bioassay culture medium. Algae grew better in positive
control cultures containing dissolved β-glycerophosphate as the sole P

source at a concentration of 0.1 mg-P L−1 (Fig. 7) than in media
containing samples (Figs. 3–5), even though the sum of the DP and
PP concentrations was roughly 0.1 mg L−1 in the latter case. This result
indicates the amount of the BAP fraction of the PP in the soil and
suspended sediment was smaller than the amount of DP in the positive
control cultures. The results obtained for the negative control cultures
show that even when there was no external source of P, Chl-a
concentration increased slightly until day 25 of the incubation period
(Fig. 7). This result suggests that M. aeruginosa could grow in a P-
depleted environment by using the limited amount of P present in the
algal cells. It might be possible to confirm this possibility if the P forms
that remaining in samples and extraction residues at the end of the AGP
bioassays could be identified. However, currently available techniques
[34,35] do not allow for good separation of M. aeruginosa cells from soil
and sediment particles. For this purpose, a technique for separating
algal cells from particulate matter derived from soil or suspended
sediment at the end of the bioassays is required.

Fig. 7. Chl-a, POC, PON, and DP + PP concentrations in cultures of M. aeruginosa incubated with no external P source (negative control), 0.1 mg L−1 β-glycerophosphate as the sole P
source (positive control), and 0.2 mg L−1 β-glycerophosphate as the sole P source (positive control). Concentrations are means of triplicate values; error bars indicate standard deviations.
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3.3. Bioavailability of extractable P

We interpreted the potential bioavailability of extractable P to be
the growth of tested algae during incubation with the control sample
(a) as the sole P source, that is, samples of dried soil or sediment prior to
extraction. We assumed that the entire BAP fraction could be obtained
by means of a single extraction, as has been reported previously [13],
that is, that the amount of extractable BAP was related to algal growth
in the bioassays. We found that algal growth at day 25 of incubation, as
indicated by Chl-a concentration, was strongly correlated (r2 = 0.99,
α < 0.001) with BAP mass fraction as quantified by ultrasonic
extraction with 0.1 M NaOH (Fig. 8). This correlation was comparable
(t = 0.08, p= 0.94 > 0.05) to that between M. aeruginosa production
and BAP mass fraction as quantified by mechanical extraction

(r2 = 0.96, α < 0.001). Additionally, the correlation was similar to
that previously reported [13] for the relationship between Selenastrum
capricornutum growth and sediment BAP content determined by me-
chanical extraction in 0.1 M NaOH (r2 = 0.93, α < 0.001, 29-day
incubation). The strong correlation confirms the feasibility of using
ultrasonic extraction for estimating particulate BAP and indicates that
the amounts of P in each sample available for algal uptake were
compatible with the amounts of extracted P. In other words, the
correlation supports our initial hypotheses that a single ultrasonic
extraction efficiently released all of the BAP from the soil and sediment
samples.

Fig. 8. Relationship between Chl-a concentration at day 25 of incubation and BAP
concentration obtained from extractions: (●) ultrasonic extraction and (▴) mechanical
extraction. The designations I–IV correspond to soil samples collected on 2011 January
26 and suspended sediment samples collected on 2014 September 5, September 11, and
October 6, respectively. Concentrations are means of triplicate values; error bars indicate
standard deviations.

Table 1
Mass ratios of phosphorus, nitrogen, and carbon in M. aeruginosa cultures.

N:C N:P P:C C:N:Pb C:N:Pc BAP:C

Control soil (Ia) 0.11–0.30 32.8–71.0 0.0020–0.0082 317:72:1 1284:157:1 0.0028
Soil after ultrasonic extraction (Ib) 0.11–0.29 33.2–64.4 0.0027–0.0080 323:79:1 941:128:1 0.0005
Soil after conventional extraction (Ic) 0.12–0.31 27.7–57.8 0.0022–0.0082 314:73:1 1170:143:1 0.0006
Control sediment (IIa) 0.11–0.29 31.9–75.6 0.0018–0.0080 324:81:1 1402:167:1 0.0031
Sediment after ultrasonic extraction (IIb) 0.11–0.27 28.6–58.7 0.0022–0.0078 330:75:1 1197:147:1 0.0007
Sediment after conventional extraction (IIc) 0.11–0.28 34.1–66.2 0.0025–0.0082 316:73:1 1031:130:1 0.0006
Control sediment (IIIa) 0.14–0.29 35.5–128.6 0.0012–0.0080 321:78:1 2166:285:1 0.0044
Sediment after ultrasonic extraction (IIIb) 0.11–0.28 37.1–96.4 0.0016–0.0073 355:83:1 1344:231:1 0.0003
Sediment after conventional extraction (IIIc) 0.15–0.29 37.9–104.2 0.0015–0.0075 346:82:1 1604:189:1 0.0004
Control sediment (IVa) 0.14–0.34 36.7–119.8 0.0013–0.0081 318:93:1 1952:265:1 0.0037
Sediment after ultrasonic extraction (IVb) 0.10–0.34 36.9–84.9 0.0019–0.0075 343:93:1 1372:165:1 0.0004
Sediment after conventional extraction (IVc) 0.11–0.32 36.4–74.5 0.0015–0.0078 333:97:1 1698:188:1 0.0004
Negative control 0.22–0.28 104.6–163.5 0.0013–0.0022 500:92:1 1364:259:1 0.0013
Positive control 0.1 mg L−1 0.12–0.28 36.0–67.9 0.0018–0.0074 487:80:1 1421:150:1 0.0053
Positive control 0.2 mg L−1 0.19–0.30 17.3–47.1 0.0041–0.0176 269:49:1 633:104:1 0.0096
References 0.17–0.29 [37]a

i.e. 0.15–0.25
15.0–98.0 [39]a

i.e. 33.2–217.0
0.00098–0.017 [39]a

i.e. 0.0003–0.0066
[0,5-7] •Redfield ratio [37–39]: 106 C:16 N:1Pa

•Healey and Hendzel [39,40]:
N deficiency in algae when N:C < 0.12a

P deficiency in algae when P:C < 0.0077a

(i.e. mass P:C < 0.0029)

a The atomic ratio.
b The average atomic ratio at the initial day (0 day).
c The average atomic ratio at the 25th day.

Table 2
Mass ratios of phosphorus, nitrogen, and carbon relative to Chl-a inM. aeruginosa cultures
at day 25 of incubation.

C:Chl-a N:Chl-a P:Chl-a

Control soil (Ia) 159.0 22.7 0.3
Soil after ultrasonic extraction

(Ib)
150.0 23.8 0.4

Soil after conventional extraction
(Ic)

177.4 25.2 0.4

Control sediment (IIa) 162.5 22.6 0.3
Sediment after ultrasonic

extraction (IIb)
213.2 30.5 0.5

Sediment after conventional
extraction (IIc)

237.9 34.9 0.6

Control sediment (IIIa) 93.5 14.3 0.1
Sediment after ultrasonic

extraction (IIIb)
71.3 14.3 0.1

Sediment after conventional
extraction (IIIc)

99.4 13.7 0.2

Control sediment (IVa) 101.2 16.0 0.1
Sediment after ultrasonic

extraction (IVb)
121.3 17.0 0.2

Sediment after conventional
extraction (IVc)

152.5 19.7 0.2

Negative control 147.5 32.7 0.3
Positive control 0.1 mg L−1 73.0 19.4 0.2
Positive control 0.2 mg L−1 49.4 11.9 0.3
References 92.0 [41], 94.2

[26],
39.0–182.0 [41]

16.6 [26] 2.3 [26],
0.2–1.2 [42]
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3.4. Effects of nutrient deficiency on algal growth

The limiting nutrient in each medium was determined (Table 1),
and the nutrient weight ratios were compared with the Redfield ratio
[3,36–38] and the Healey and Hendzel ratios [39,40]. Redfield [38]
reported that significant deviation of the C:N:P molar ratio from
106:16:1 indicates that the supply of at least one nutrient is limited,
whereas Healey and Hendzel [40] suggested that a N:C molar ratio
of< 0.12 and a P:C molar ratio of< 0.0077 (i.e., a mass ratio of
0.0029) indicate N and P deficiency (in all cases, C, N, and P refer to
particulate forms). In our study, starting from the first day of incuba-
tion, the C:N:P molar ratios in all the media greatly exceeded the
Redfield ratio, which reinforces the aforementioned argument that P
deficiency is more detrimental than the deficiency of other nutrients. It
suggests that P was the algal-growth-limiting nutrient in all of the
tested cultures. Additionally, the average N:C, N:P, and P:C mass ratios
(Table 1) were clearly consistent with previously reported ratios
[37,39] determined in studies of the relative amounts of C, N, and P
in cultures of various bacteria collected from a variety of environments.
In addition, the C:Chl-a and N:Chl-a ratios (Table 2) were comparable
to previously reported values [26,41], which proves that M. aeruginosa
grew as well in our cultures with soil and suspended sediment samples
as it did in the positive control cultures (Fig. 7). However, when we
considered the bioavailable fractions in the total PP, we found that it
was only in the cultures with the control samples (a) that the P:C ratios
were higher than Healey and Hendzel suggested as being indicative of P
deficiency [40]; that is, in the cultures with solid residues after
mechanical and ultrasonic extractions, the algae grew well even though
the supply of P was insufficient. This result suggests that in the absence
of an external P source, M. aeruginosa could use cellular nutrients for
their growth. This suggestion is consistent with our finding that Chl-a
concentration increased slowly in the P-free negative control cultures,
whereas the POC and PON concentrations were nearly constant or
decreased slightly (Fig. 7). Moreover, the low P:Chl-a ratios (Table 2)
also illustrate the substantial increase in Chl-a concentration, indicating
algal growth, relative to the P concentration. The BAP fractions that
probably remained in extraction residues b and c were measured by
NaOH extraction of b with mechanical shaking (designated as “two-step
mechanical extraction”) or by NaOH extraction of c with ultrasonica-
tion (designated as “two-step ultrasonic extraction”). The weak correla-
tion between BAP concentration determined by means of the two-step
extraction and Chl-a concentration (Fig. 9) (r2 = 0.1706, α < 0.5)
supports the notion that the extracted P was not truly bioavailable. The

slopes for the single-step extractions (Fig. 8) were lower than the slopes
for the two-step extractions (Fig. 9). This result demonstrates that the
algae had more effort to grow in less extractable BAP in Fig. 9 than in
Fig. 8. The difference between the slopes in Figs. 8 and 9 was not
statistically significant (ultrasonic extraction: t = 1.93,
p = 0.10 > 0.05; mechanical extraction: t= 1.26, p =
0.11 > 0.05). We considered that in the extraction of solid residues,
the use of NaOH in combination with ultrasonication might have
suppressed the transformation of partially refractory P into SRP, which
could be detected by our analyzer and which we assume to be BAP.
However, in cultures with solid residues after mechanical and ultra-
sonic extractions, algal growth could be triggered not only by extrac-
table P but also by cellular P. Therefore, we recommend a procedure
involving a single-step extraction to determine BAP in the particulate
phase.

Interestingly, when we omitted the data for the suspended sediment
sample collected on 2014 September 5 (II), the correlation between
extractable BAP and algal growth markedly improved (Fig. 9) but the
slopes increased substantially and differed significantly from the data
for the single-step extraction (Fig. 8) (ultrasonic extraction: t = 8.86,
p = 0.0003 < 0.05; mechanical extraction: t = 9.49,
p = 0.0002 < 0.05). This result implies that the relationship between
algal growth and extractable BAP differed depending on whether we
used a single-step extraction or a two-step extraction. The reason for the
low P concentration in the suspended sediment sample II was unclear,
but it might have been due to differences in the composition and
characteristics of this sample, such as metal ions or re-adsorption of
extracted P to solid residue surface, that led to a remarkable decline in
the P concentration from the single-step extraction to the two-step
extraction. The higher slopes in Fig. 9 relative to Fig. 8 emphasize that
the algae we used for the bioassay adapted and grew well even though P
was lacking in the culture environment. Further studies of the cellular
mechanism of P uptake by algae, particularly M. aeruginosa are
necessary to determine the factors that support algal growth in
nutrient-deficient environments. Moreover, the growth of algae in P-
free CB medium with no external P source (negative control), with
ultrasonically extracted samples (b), and with mechanically extracted
samples (c) indicate that M. aeruginosa was inappropriate for AGP
bioassays to evaluate the bioavailability in P-depleted media of extrac-
tion residues.

4. Conclusion

We have described a simple ultrasonic extraction procedure for
estimating BAP concentrations in soils and suspended sediments from
agricultural sources. The procedure is much faster than the conven-
tional mechanical extraction procedure, requiring an extraction time of
only 1 min, compared with 17 h of extraction time for the conventional
procedure. Algal growth in media containing ultrasonic extraction solid
residues was similar level to that in media containing mechanical
extraction solid residues. This result confirms that ultrasonic extraction
could provide similar results for quantification for BAP in soil and
suspended sediment samples compared with the results for mechanical
extraction. The high correlation between the amount of extracted BAP
and algal growth at day 25 of incubation suggests that the BAP fraction
could be obtained by means of a single-step ultrasonic extraction.
Additionally, P was shown to be more important than C and N in
limiting algal growth. However, the growth of M. aeruginosa in P-
depleted media containing extraction solid residues and in media
containing no external P source (negative control) implies that in the
absence of an external source of P, the algae could utilize cellular
nutrients for growth; that is, in addition to blooming as a result of the
presence of excess nutrients in the environment,M. aeruginosa can grow
even when the P concentration falls below a threshold level. Further
consideration should be given to separation of P species in algal cells
from particulate matter of soil or suspended sediment and to the

Fig. 9. Relationship between Chl-a concentration at day 25 of incubation and P
concentration extracted from the residues: (●) ultrasonic extraction and (▴) mechanical
extraction. The designations I–IV correspond to soil samples collected on 2011 January
26 and suspended sediment samples collected on 2014 September 5, September 11, and
October 6, respectively. (—) Linear regression including data for sample II; (—) linear
regression excluding data for sample II.
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cellular mechanisms of P uptake to clarify the growth-limiting factors
under nutrient-depleted conditions. Finally, comparison of single-step
extraction and two-step sequential extraction for BAP measurement
suggests that the ultrasonic method involving a single-step extraction
was effective for quantifying particulate BAP.
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