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Phosphorus (P) is an essential nutrient that affects the growth and metabolism of microalgal biomass.
Despite the obvious importance of P, the dynamics of how it is taken up and distributed in microalgae are
largely undefined. In this study, we tracked the fate of P during batch growth of the cyanobacterium
Synechocystis sp. PCC 6803. We determined the distribution of P in intracellular polymeric substances
(IPS), extracellular polymeric substances (EPS), and soluble microbial products (SMP) for three initial
ortho-phosphate concentrations. Results show that the initial P concentration had no impact on the
production of biomass, SMP, and EPS. While the initial P concentration affected the rate and the timing of
how P was transformed among internal and external forms of inorganic P (IP) and organic P (OP), the
trends were the same no matter the starting P concentration. Initially, IP in the bulk solution was rapidly
and simultaneously adsorbed by EPS (IPgps) and taken up as internal IP (IPjy¢). As the bulk-solution's IP
was depleted, desorption of IPgps became the predominant source for IP that was taken up by the
growing cells and converted into OPjy.. At the end of the 9-d batch experiments, almost all P was OP, and
most of the OP was intracellular. Based on all of the results, we propose a set of transformation pathways
for P during the growth of Synechocystis. Key is that EPS and intracellular P pool play important and

distinct roles in the uptake and storage of P.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Fossil fuels provide at least 80% of energy demand worldwide
(Goldemberg et al., 2004), but the combustion of fossil fuels is
increasing the concentration of atmospheric CO», resulting in global
warming and climate change (Rittmann, 2008). Photosynthesis

Abbreviations: P, Phosphorus; IP, inorganic phosphorus; OP, organic phos-
phorus; TP, total phosphorus; BS, bulk solution; EPS, extracellular polymeric sub-
stances; IPS, intracellular polymeric substances; SMP, soluble microbial products;
IPgps, inorganic P in EPS; IPgs, inorganic P in the bulk solution; IP;y, intracellular
inorganic P; OPsyp, OP in SMP; OPgps, OP in EPS; OPj,, intracellular OP; PG,
phosphatidylgcerol; ADP, adenosinediphosphate; ATP, adenosinetriphosphate; OD,
optical density; DW, dry weight; PCOD, particulate chemical oxygen demand;
SCOD, soluble chemical oxygen demand; BSA, bovine serum albumin.
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captures photons from sunlight, takes up CO», and generates plant,
algae, and cyanobacterial biomass (Kim et al., 2011b; Rittmann,
2008; Rittmann et al., 2006). Since its lipid portion can be con-
verted to biodiesel and the non-lipid proportions can be used to
produce methane, hydrogen and electricity (Chisti, 2007; Kim et al.,
2011a; Rittmann, 2008), cyanobacterial has been studied exten-
sively in recent decades.

Among the factors that affect the growth of cyanobacterial
biomass, phosphorus (P) is an important nutrient that regulates
growth and metabolism (Borovec et al., 2010; Theodorou et al.,
1991; Zevin et al., 2015). At the metabolic level, many studies
have focused on the effect of P on the activity of extracellular
phosphatases, the P-uptake rate, and the role of P in controlling the
rate of photosynthesis (Fredeen et al., 1990; Goldstein et al., 1989;
Huang et al., 2015; Lefebvre et al., 1990; Rivkin and Swift, 1985;
Yao et al.,, 2011). For example, low-P may diminish ribulose-1,5-
bis-phosphate (RuBP) regeneration and, hence, photosynthetic
CO,-fixation by reducing Calvin-cycle enzyme activity (Fredeen
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et al,, 1990). Understanding the effect of P distribution on the
growth rate of microalgae will be of value for stimulating micro-
algae growth in cultures used for biofuel production and other
valuable products and for minimizing their undesired growth in
water bodies.

Total P in aquatic systems consists of inorganic phosphate (IP)
and P-containing organic compounds (OP) (Francko and Heath,
1979), both of which can be further partitioned into an extracel-
lular P pool (P not inside microorganisms) and an intracellular P
pool (P inside microorganisms) (Cembella et al., 1984; Yao et al.,
2011). The uptake of inorganic P (IP) by biomass also involves its
adsorption by extracellular polymeric substances (EPS), a process
that is distinct from and independent of its uptake as intracellular P
(Yao et al,, 2011; Zhang et al.,, 2013). EPS are microbe-produced
solids that are located outside the cell and are comprised of pro-
tein, carbohydrate, and other organic components (Adav and Lee,
2008). A common functional group in protein, quaternary ammo-
nium (—NH3%), can complex with negatively charged phosphate
(Wingender et al., 1999; Zhou et al., 2017). For example, when the
pH was greater than 8, the key surface ligand for the EPS of She-
wanella alga strain BrY was —NH3 (Deo et al., 2010). EPS-adsorbed P
was 60—90% of total cellular P in different algal species (Sanudo-
Wilhelmy et al., 2004).

Within the cells, IP from the bulk solution (IPgs) can be trans-
ported across the cellular membrane and become part of intracel-
lular IP (IPjy¢) (Cembella et al., 1984). Part of IPj, is IP that is
adsorbed by the —NH3groups of organic components in intracel-
lular polymeric substances (IPS) (Deo et al., 2010). Another part of
IPj¢ is non-adsorbed IP that participates in conversion of adeno-
sinediphosphate (ADP) to adenosinetriphosphate (ATP) (Novikoff
et al.,, 1952). IPjy¢ can be transformed into intracellular OP (OPjy¢)
during biomass synthesis (Kim et al., 2011b).

Fig. 1 illustrates and defines the locations in which IP and OP
exist in cyanobacterial biomass or the liquid medium. The biomass
contains EPS and IPS, which are located outside and inside the cell
membrane, respectively (Adav and Lee, 2008). SMP are soluble
cellular components that are released from the biomass
(Wingender et al., 1999). IP can be free or adsorbed. Free IP exists
dissolved in the bulk solution (IPgs) and inside the cell (IPj,¢), such
as for use to convert ADP to ATP (Novikoff et al., 1952). Adsorbed IP
is present in SMP, EPS, and IPS due to it complexation with —NH3
functional groups (Deo et al., 2010). P in nucleic acids and lipids is
part of OP, and it can be found in soluble microbial product (SMP),
EPS and intracellular P pool (Youngburg and Youngburg, 1930).

Despite the obvious importance of P partitioning and trans-
formation, little is known about these factors during the growth of
microalgae. In this study, we carried out batch growth experiments

Photobioreactor

Synechocystis

¥ Organic compounds (OC) e Free inorganic phosphorus (IP)
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e IP combind with the binding site in OC

Fig. 1. Definitions of the various forms of inorganic and organic P among the com-
ponents of Synechocystis.

with Synechocystis sp. PCC 6803, a well characterized cyanobacte-
rium that has been widely used as a model organism in a variety of
molecular and engineering studies (Kim et al., 2011b; Zevin et al.,
2015). Establishing a complete P mass balance, we systematically
investigated how added inorganic phosphate was transformed and
distributed among the IP and OP components as Synechocystis grew
in batch culture. No matter the staring P concentration, sorption of
IP was the dominant mechanism at the beginning of batch-growth
studies, but most P was transformed to OP by the end of the batch
growth. We translate the results into a model for the dynamics of P
uptake and distribution.

2. Materials and methods
2.1. Synechocystis sp. PCC 6803 cultures and growth experiments

Stock cultures of wild-type Synechocystis sp. PCC 6803, provided
by the laboratory of Dr. Willem F. ]J. Vermaas (School of Life Sci-
ences, Arizona State University), were maintained in 500-mL
(working volume) Erlenmeyer flasks containing standard BG-11
medium (Rippka et al., 1979) (composition in Table S1) and
bubbled with air filtered through a 1.0-um air filter (Pall, Port
Washington, NY, U.S.). An aliquot from a flask culture was diluted to
an optical density (OD) of ~0.6 to initiate a batch growth experi-
ments. Table 1 summarizes characteristics of the Synechocystis
inoculate at the start of batch experiments.

Erlenmeyer flasks with a volume of 1000 mL were used for batch
growth experiments. A constant temperature of 30 °C was main-
tained by 3 x 12-W automated-air fans (Minebea-Matsushita Mo-
tor Corp., Japan) (Nguyen and Rittmann, 2016a), and pure CO, was
supplied by sparging with humidified air filtered through the 1.0-
um air filter (Pall, Port Washington, NY, USA). The incident light
intensity was 276 pE/m?/s, measured using a PAR sensor (Agilent,
U1252A, USA), and it was provided from T5 fluorescent plant-grow
lamps (Envirogro Hydrofarm, USA). The pH value of the culture was
maintained at 8.5 using a pH-Stat that automatically sparged CO,
when the pH rose above 8.51 (Nguyen and Rittmann, 2015). Fig. S1
is a schematic diagram of the set up for the growth experiments.

Previous study (Kim et al., 2011b) measured the elemental
composition of Synechocystis sp. PCC 6803 and found it to be

Table 1
Characteristics of the Synechocystis inoculum used to initiate growth
experiments.

Parameter Value

0OD730" 0.59 + 0.04
PCOD" (mg COD/L) 250 + 11
SMP* (mg COD/L) 6.3 + 045
EPSY (mg COD/L) 14.8 + 038
Protein in SMP (mg COD/L) 1.68 + 0.21
Carbohydrate in SMP (mg COD/L) 3.68 + 0.49
Protein in EPS (mg COD/L) 8.47 + 0.39
Carbohydrate in EPS (mg COD/L) 532 + 042
IP® in SMP (mg P/L) 0.078 + 0.011
OP' in SMP (mg P/L) 0.032 + 0.007
IP in EPS (mg P/L) 0.141 + 0.028
OP in EPS (mg P/L) 0.093 + 0.006
IP in IPS (mg P/L) 0.062 + 0.010
OP in IPS (mg P/L) 0.335 + 0.031
TP? of Synechocystis (mg P/L) 0.752 + 0.079

0OD73 is the optical density at 730 nm.

PCOD is particulate chemical oxygen demand.
SMP is soluble microbial products.

EPS is extracellular polymeric substances.

IP is inorganic phosphorus.

f OP is organic phosphorus.

& TP is total phosphorus.

a
b
c
d

e



Y. Zhou et al. / Water Research 122 (2017) 355—362 357

C1.00H1.6200.40N0.22P0.01. Because the mole ratio of N:P in standard
BG-11 medium is 101:1,2® which has far higher N than needed by
stoichiometry (22:1), we decreased the NOs3-N concentration to
120 mg N/L (8.6 mM) and increased the P concentration to 12 mg P/
L (0.39 mM) as baseline concentrations consistent with the stoi-
chometric ratio of 22 mol N/mol P. To evaluate the effects of P
limitation, we used three starting concentrations of P (mM): 0.39
(experiment R1), 0.16 (R2) and 0.055 (R3). We prepared the P stock
solution by dissolving K;HPO, in distilled water at an initial con-
centration of 5.4 g P/L (174 mM). We also augmented the starting
alkalinity by adding 6.0 mM of bicarbonate (as NaHCO3). All con-
stituents other than N, P, and alkalinity were the same as standard
BG-11 (Rippka et al., 1979). The volume of the culture was 700 mL.
Prior to inoculation, the flasks and the BG-11 medium were steril-
ized by autoclaving, and the pH probe was sterilized using 75%
ethanol. For each starting concentration, we conducted three in-
dependent experiments.

2.2. Phosphorus distribution

Fig. 2 illustrates the centrifugation- and thermal-based method
used to separate SMP, EPS, and IPS from Synechocystis cells. We first
centrifuged a sample at 4000 rpm and 4 °C for 15 min and further
centrifuged the supernatant at 12,000 rpm (Microfuge® 22R
Centrifuge, Beckman Coulter, CA, USA) and 4 °C for 10 min to
remove all particles. We then collected the supernatant (denoted
s1), which contained the SMP. We collected the pellets after both
centrifugations and resuspended them to their original volumes
using the pH-8.4 borate buffer, which consists of 0.49 mM H3BO3
and 0.2 mM NayB407-10H,0 (Wang et al., 2017). The suspensions
were heating at 60 °C for 20 min and then centrifuged at
4000 rpm at 4 °C for 15 min (Zhou et al., 2016a,b). The supernatant
was further centrifuged at 12,000 rpm at 4 °C for 10 min to remove
all particles, and the collected supernatant (denoted s2) contained
the EPS. We collected the pellets from the EPS extraction and
resuspended them to their original volumes using borate buffer;
this suspension contained the IPS. In order to destroy the cell
membrane completely, we heated this suspension in a boiling-
water bath for 60 min (temperature about 100 °C), centrifuged
the suspension at 12,000 rpm at 4 °C for 10 min, and collected the
supernatant (denoted s3). With the components of phospholipids
and glycoproteins, cell membrane also contains OP (Youngburg and
Youngburg, 1930). As cell membrane and IPS were mixed in the
boiling-water bath, intracellular OP (OPj,¢) contains OP in both cell
membrane and IPS. All of the supernatants (s1, s2, and s3) and IPS

60°C for 20 min

suspension were stored at 4 °C in a freezer (UGL3020A, Thermo
Scientific, USA) prior to all analyses.

2.3. Analytical methods

We measured the Optical Density (OD) of the culture using a
UV—vis BioSpec-mini spectrometer at 730 nm (Shimadzu Corp.,
Japan). We determined the dry weight (DW) of biomass using total
suspended solids, assayed by Method 2540D in Standard Methods
(Association, 1998), and DW was converted to particulate chemical
oxygen demand (PCOD) using 1.4 mg COD/mg DW (Rittmann and
McCarty, 2001). We measured total phosphorus (TP) and reactive
phosphate using the HACH TNT843 kit. The reactive phosphate was
the IP, and the OP was equal to the TP minus IP. We measured NO-
3using a HACH TNT880 kit (Loveland, CO, USA). We measured the
soluble chemical oxygen demand (SCOD) of SMP and EPS using
HACH TNT822 kits (0—60 mg/L). All HACH test vials were treated
according to the manufacturer's instruction and analyzed in a
HACH DR 2800 spectrophotometer.

We measured the protein fraction of SMP and EPS with a
QuantiPro BCA Assay Kit (Sigma-Aldrich, St. Louis, MO, U.S.) using
bovine serum albumin (BSA) as the standard; BSA equivalents were
converted to COD using a conversion factor of 1.4 mg COD/mg BSA
(Rittmann and McCarty, 2001). We measured the carbohydrate
fraction of SMP and EPS with the phenol-sulfuric acid method using
glucose as the standard (Chojnacka and Noworyta, 2004) and
converted glucose equivalents to COD using a conversion factor of
1.07 mg COD/mg glucose (Rittmann and McCarty, 2001).

2.4. Statistical analyses

We carried out triplicate separations of SMP, EPS, and IPS, and
each sample was assayed one time for DW, SCOD, IP, TP, NO3,
protein and carbohydrate. Results are expressed as the mean and
standard deviation of the three measured samples (mean =+ SD).

3. Results and discussion
3.1. Production of biomass, SMP, and EPS

Fig. 3 shows the concentrations of residual IPgs, biomass, SMP,
EPS, protein, and carbohydrate in SMP and EPS for the batch ex-
periments with the three starting P concentrations. We present one
set of results for each concentration. The results for the two repli-
cate runs for each starting-P concentration were similar and are

12000rpm
Centrifugation
4000rpm

10 min at 4°C | |\
Centrifugation

12000rpm

Centrifugation P
Sample SMP

4000rpm 10 min at 4°C

Centrifugation
15 min at 4°C Buffer solution*
Re-suspend
PO4-P
12000rpm

"= | Centrifugation
10 min at 4°C ()
IPS TP

After 60 min

Boiling
water bath

15 min at 4°C —__,—"’

Re-suspend

Fig. 2. The centrifugation- and thermal-based extraction protocol for the separation of SMP, EPS, and IPS in Synechocystis.
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summarized in Figs. S2—S3 in the SI. Starting P made little differ-
ence for the concentrations of biomass (denoted PCOD for the total
particulate COD), SMP, EPS, protein and carbohydrate in SMP and
EPS. Likewise, the utilization of NO3-N was almost the same
(Fig. S6). PCOD rapidly increased from 1 d to 4 d, and then it slowly
increased; the slowdown in growth rate resulted from the decrease
of average light intensity and specific growth rate with increasing
biomass concentration (Fig. S7), making light limitation significant
in the later stages of the experiment. The most important conclu-
sion from Fig. 3 is that Synechocystis grew normally and equally
with the different initial P concentrations.

The growth of biomass was independent of the depletion of
inorganic P in the bulk solution. IPgs approached zero concentra-
tion as early as 2 d for R3, although full depletion took 9 d for R1.
Thus, Synechocystis continued to grow well whether or not [Pgs was
available.

EPS accumulation mirrored PCOD with a lag of about 1 d, while
SMP increased more steadily (Fig. 3(b)). Synechocystis produced
more EPS than SMP, but the gap narrowed with increasing incu-
bation time, since hydrolysis of EPS is a major source of SMP
(Laspidou and Rittmann, 2002). Accumulations of protein and
carbohydrate in SMP and EPS mirrored the increases of SMP and
EPS. The concentration of carbohydrate was higher than protein in
SMP, but the opposite was true for EPS, a trend that is consistent
with a previous study (Ramesh et al., 2006) that indicated that
proteins accumulate in EPS, while carbohydrates become pre-
dominant in SMP.

At the end of the batch experiments, SMP and EPS corresponded
approximately to 7.5% and 8.4% of PCOD, respectively. Previous
studies (Ge et al., 2014; Nguyen and Rittmann, 2016b) also noted
that phototrophic cells began to produce significant amounts of
SMP during growth, but they did not measure EPS. The cyanobac-
terium Microcoleus vaginatus exposed to 40 and 80 pE/m?/s pro-
duced SMP at 8.0% and 14% of cell DW, respectively (Ge et al., 2014).
SMP was about 18% of TCOD for wild-type Synechocystis exposed to
598 pE/m?/s for 8 days (Nguyen and Rittmann, 2016b). A possible
trend among these studies is that higher light intensity led to

Y. Zhou et al. / Water Research 122 (2017) 355—362

greater SMP production (Nguyen and Rittmann, 2016b).

3.2. Distribution of phosphorus

Fig. 4 presents the distributions of IP and OP in all of the com-
ponents of Synechocystis during the batch experiments. Again, the
results for the two replicate runs were similar, and they are sum-
marized in Figs. S4—S5 in the SI. The excellent P mass balance
(<2.5% discrepancy) in the batch experiments indicates the effec-
tiveness of the extraction and determination methods. IPgs in all of
the experiments dropped rapidly and virtually disappeared,
although higher initial P concentration needed a longer time for
depletion. IPgs was most immediately replaced by intracellular P
(Pint); thus, initial P-uptake involved significant uptake and accu-
mulation of IPjy.

Another significant part of the lost IPgs was IP held in EPS.
Although IPgps increased more slowly than IPj, in the first hours of
the experiments, it became an important sink of IP (>68%) as IPgs
was nearly depleted. IPgps decreased after IPgs was depleted, which
suggests that IPgps became an important supply of IP for biomass
growth once IPgs was depleted.

Later in the experiments, IP was transformed to OP. Whereas
IPjn¢ was much greater than OPj¢ in the early stages of the exper-
iments, IPjy; subsequently began to decrease as OPj,¢ increased.
Most intercellular P was OPj¢ at the end of the 9-day experiments.
Likewise, OPgps gradually gained importance as IPgs and IPgps were
depleted. The last P component to become significant was OPsyp,
which gradually increased in parallel with the steady increase of
SMP (Fig. 3(b)). A previous study (Nguyen and Rittmann, 2016b)
found that SMP was about 18% of total COD for wild-type Syn-
echocystis after 8 days of batch growth, which supports that SMP
should be an important extracellular sink of OP, perhaps due to its
content of nucleic acids and lipids (Youngburg and Youngburg,
1930).

By the end of the batch experiments, almost all P was OP, and
most of the OP was OPjy. Reducing the starting P concentration
shorted the time needed for IP to be transformed to OP and
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Fig. 3. Concentration of (a) total biomass (PCOD) and residual IPgs, (b) SMP and EPS, (c) protein and carbohydrate in SMP, and (d) protein and carbohydrate in EPS for the three
initial P concentrations for the batch growth experiments. Note that the time scale is not linear.
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Fig. 4. Distribution of P for the three starting P concentrations at the noted incubation
times. Note that the time scale in not linear.

especially OPjy (Table S2).
3.3. [Py, and OPyy in the intracellular P pool of Synechocystis

Fig. 5 shows the IPj, and OPjy¢ contents in the intracellular P
pool of Synechocystis for the batch experiments. IPj,; rapidly
increased and reached its maximum values after 4 h; the transfer
occurred sooner with a higher starting P concentration, which also
resulted to a higher maximum IPj,;. The transport rate of IP from BS
to intracellular P pool is related to the IP concentration in BS and
the intracellular P pool (Armstrong, 2008): High IPgs and low IPj¢ in
Synechocystis in the initial stage (Fig. 4) increased the IP-transport
rate and the consequent accumulation of IP in the intracellular P
pool. During the rapid-uptake phase, intracellular P pool contained
54%—84% of total cellular P (Fig. S8). Later, the OPj; converted from
IPjn¢ continued to accumulate in the biomass for the experiment
with the highest starting P concentration, but it decreased after a
brief increase in the experiment with the lowest starting P con-
centration. Thus, the intracellular P pool quickly captured IP, which
was subsequently converted into OP during the synthesis of Syn-
echocystis biomass. Synechocystis synthesized new cells with low

1542

12+

IP in intracellular P pool
(mg P/g PCOD)

OP in intracellular P pool
(mg P/g PCOD)

T T T T T T T T T T T T T T
Oh 1h 2h 4h 6h 1d 2d 3d 4d 5d 6d 7d 8d 9d
Incubation time

Fig. 5. IP and OP in the intracellular phosphorus pool of Synechocystis for the three
starting P concentrations at the noted incubation times. Note that the time scale is not
linear.

OPj,¢ content when the starting P concentration was low.

3.4. IP and OP in the EPS of Synechocystis

Fig. 6 shows the contents of IP and OP in the EPS of Synechocystis
for the three batch experiments. IPgps dramatically increased and
reached the maximum value after 2 h, and increasing the starting P
concentration led to more IPgps, which is consistent with the
sorption being the mechanism for formation of IPgps (Zhang et al.,
2014). The uptake rate was faster with a higher starting P concen-
tration, which is consistent the uptake rate being positively corre-
lated with the concentration of nutrient in BS (Rivkin and Swift,
1985). The functional group for sorption is the —NH3 group,
which mainly exists in protein (Deo et al., 2010; Zhou et al., 2017)
and Fig. 7(a) shows a strong and nearly linear relationship
(R? = 0.955, P = 0.00) between the contents of IPgps and protein in
EPS. In contrast, the linear regression between the contents of IPgps
and carbohydrate in EPS is not significant (R° = 0.515, P = 0.10).
Later in the experiments, the protein proportion in EPS remained
almost stable (Fig. S9), and the decrease of IPgps probably as the
result of net desorption of IPgps from the protein. The decrease of
IPeps lagged behind decrease of IPgs, which underscores that IPgps
was a significant storage pool for IP.

OPgps rapidly increased and then remained stable in the reactor
with high starting P concentration. However, OPgps had only a brief
increase, and its rapid decrease occurred sooner in the reactor with
low starting P concentration. Later in the experiments, OPgps
gradually decreased, even though EPS dramatically increased and
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; depleted, IPgps desorption became the main source of IPgs.
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the total concentration of OPgps slightly increased (Figs. 3 and 4). A
Thus, Synechocystis secreted EPS with low OP content when IPjy¢ (@)
and IPgps dramatically decreased and even depleted in the later Y"1 T I —

stage due to cell growth.

EPS was an important part of the P pool, containing 16%—46% of
total cellular P (Fig. S8). When IPgs was plentiful, EPS rapidly
adsorbed IP from BS, giving a high P content in the EPS. As IPgs was
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Fig. 8. OP in the SMP of Synechocystis for the three experiments at the noted incu-
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Fig. 9. Proposed model of P-uptake and -transformation processes during the growth
of Synechocystis. Initially, IPgs is rapidly sorbed by EPS (process I) and taken up as IPjy¢
(process 1V). As IPgs became depleted, desorption of IPgps (process II) became the
predominant source for IP;,; taken up, and other part of [Pgps was released to BS (IPgs)
during EPS hydrolyzation (process III). Part of IP;,; was converted into OPj,. by the
growing cells (process VI) and released to BS (IPgs) due to cell decay (process V). Part of
OP;,; was released as OPsyp (process VII) and OPgps (process VIII), and OPgps also could
be converted to OPgyp (process IX).

3.6. Transformation pathway of P during the growth of
Synechocystis

Fig. 9 summarizes a model of the transformation routes indicated
by the results of the batch experiments. Initially, IPgs was rapidly
adsorbed by EPS (process I) and taken up as IPjy¢ (process IV). As IPgs
became depleted, desorption of IPgps (process II) became the pre-
dominant source for IPjy taken up, and another part of IPgps was
released to the bulk solution (IPgs) during EPS hydrolysis (process
[II). Part of IPj,: was converted into OPjy by the growing cells (pro-
cess VI) and released as IPgs due to cell decay (process V). Part of OPj,¢
was released as OPsyp (process VII) and OPgps (process VIII), and
OPgps also could be converted to OPsyp (process IX). At the end of the
9-d batch experiments, almost all P was OP, and most of the OP was
in intracellular P pool. A previous study (Zhang et al., 2013) also
proposed a P-metabolic model for enhanced biological phosphorus
removal. However, this model is for very different bacteria in a non-
photosynthetic system. Furthermore, their metabolic model does
not contain phosphorus-associated processes that we know are
important in our study: OPgps and OPjy¢ release into the BS, release of
OP in SMP (OPspp), and IP release due to its desorption from EPS and
internal complexes. We clearly show that total P consisted of species
of inorganic phosphate (IP) and P-containing organic compounds
(OP), and we proposed a much more comprehensive P metabolic
model based on a complete P mass balance.

The model and the experimental results upon which the model
is based make it clear that EPS and intracellular P pool play key
roles in the dynamics of P uptake and transformations in Syn-
echocystis. Thus, additional research is needed to define better and
to quantify the processes involving EPS and intracellular P pool in P
dynamics. High benefit would come from developing and param-
eterizing a mathematical manifestation of the model in Fig. 9,
determining how low-P-stress affects the P-transformation path-
ways and ascertaining if and how OPgyp and OPgps are utilized in a
P-famine condition.

3.7. Environmental implications

Phosphorus is an important nutrient that regulates growth and
metabolism. Our study revealed that EPS and intracellular pools of

P pool play important and distinct roles in the uptake and storage of
P. The proposed model helps to explain a commonly observed
phenomenon (Kim et al.,, 2011b) and we also observed here:
continuing growth of microalgae even when the IP in the medium
is totally depleted. Understanding these mechanisms of P of uptake
and transformation is important for improving performance when
producing microalgal biofuel and for controlling eutrophication in
water bodies. EPS exist in all species of microbes, and P is an
important nutrient for the growth of microbes; thus, the P-trans-
formation pathways in this study should apply to other microbes.
The fact that ortho-phosphate is rapidly taken up and stored by
EPS and internal pools means that the concentration of ortho-
phosphate is not a reliable tool for controlling the growth of
microalgae, such as Synechocystis. Whether the goal is to stimulate
microalgae growth in cultures used for producing biofuels and
other valuable products and for minimizing their undesired growth
in water bodies, measuring inorganic P in the bulk solution is
misleading, because the primary sinks for inorganic P are in EPS
and internal pools. A total mass balance on IP and OP is needed to
assess whether or not microalgal growth is or is not P limited.

4. Conclusion

Investigating the uptake and distribution of P during batch
growth of Synechocystis, we found that the initial P concentration
had almost no impact on the concentrations of biomass, SMP, and
EPS. Biomass continued to grow normally after ortho-phosphate in
the liquid was completely depleted. While the initial P concentra-
tion affected the timing of how P was distributed, it did not alter the
transformation steps or the ultimate distribution of P. Initially, IP in
the bulk solution was rapidly and simultaneously adsorbed by EPS
and taken up as internal IP. As the bulk-solution's IP was depleted,
desorption of IP in EPS became the predominant source for IP that
was taken up by the growing cells and converted into intracellular
OP. At the end of the 9-d batch experiments, almost all P was
organic P, and most of that was intracellular. Based on all of the
results, we propose a set of transformation pathways for P during
the growth of Synechocystis. Key is that EPS and intracellular pools
of P pool play important and distinct roles in the uptake and storage
of P.
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