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Abstract
Several technologies have aimed to recover nitrogen directly from urine. Nitrogen recovery in these technologies was limited 
by the mismatch of the nitrogen-phosphorus molar ratio (N:P) of urine, being 30–46:1, and that of the final product, e.g., 1:1 
in struvite and 16–22:1 in microalgae biomass. Additionally, the high nitrogen concentrations found in urine can be inhibitive 
for growth of microorganisms. Cyanobacteria were expected to overcome phosphorus (P) limitation in urine given their ability 
to store an N-rich polymer called cyanophycin. In this study, it was found that the model cyanobacterium Synechocystis sp. 
PCC6803 did not experience significant growth inhibition when cultivated in synthetic medium with concentrations of 0.5 g 
ammonium-N  L−1. In the case of urea, no inhibition was observed when having it as sole nitrogen source, but it resulted in 
chlorosis of the cultures when the process reached stationary phase. Synechocystis was successfully cultivated in a medium 
with 0.5 g ammonium-N  L−1 and a N:P ratio of 276:1, showing the N:P flexibility of this biomass, reaching biomass N:P 
ratios up to 92:1. Phosphorus starvation resulted in cyanophycin accumulation up to 4%. Dilution of the culture in fresh 
medium with the addition of 118 mg N  L−1 and 1.5 mg P  L−1 (N:P of 174:1) resulted in a rapid and transient cyanophycin 
accumulation up to 11%, after which cyanophycin levels rapidly decreased to 3%.
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Introduction

The development of the Haber–Bosch process (artificial 
fixation of nitrogen) has resulted in a 35–55% addition of 
reactive nitrogen to the natural nitrogen fixation rates. This 
process requires a lot of energy (37 kJ  gN

−1) and a hydro-
gen source, generally natural gas, and therefore cannot be 
considered very sustainable (Maurer et al. 2003; Howarth 

2008). Most of the fixed nitrogen is used in the agro-indus-
trial food production and as a consequence, today, approxi-
mately 80% of the nitrogen in human tissues stems from 
the Haber–Bosch process (Howarth 2008). The nitrogen 
consumed in food is later excreted from the human body 
as an important constituent of urine and often ends up in 
the domestic wastewater. More than 80% of wastewater 
produced worldwide is released to the environment with-
out proper treatment (Connor et al. 2017). The release of 
the nitrogen in (treated) wastewater causes severe envi-
ronmental impacts including eutrophication (Rockström 
et al. 2009) and climate change (Kampschreur et al. 2009). 
Nitrogen is removed from wastewater by subsequent nitri-
fication and denitrification and is released back to the 
atmosphere as dinitrogen gas. Also, this process requires 
a lot of energy (45 kJ  gN

−1) for aeration during nitrifi-
cation and consumption of valuable carbon sources for 
denitrification (Maurer et al. 2003; Morales et al. 2013). 
Therefore, sustainable technologies to reduce the envi-
ronmental impact related to nitrogen should focus on its 
recovery and reuse.
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Human urine contributes 70% of the nitrogen load present 
in municipal wastewater while the contribution to the total 
wastewater volume is 1% (Kujawa-Roeleveld and Zeeman 
2006). Urine also contributes up to 40% of the phosphorus 
(P) and 60% of the potassium (K) load present in munici-
pal wastewater (Kujawa-Roeleveld and Zeeman 2006). This 
high content of nutrients explains why several technologies 
have been studied aiming to simultaneously recover nitrogen 
and phosphorus from urine. However, the high N:P molar 
ratio of urine (30–46:1) presents a bottleneck for such tech-
nologies. For example, struvite precipitation and microalgae 
biomass cultivation result in products with N:P ratios of 1:1 
(Maurer et al. 2003) and 16–22:1 (Redfield 1958; Tuantet 
et al. 2014b; Vasconcelos Fernandes et al. 2015), respec-
tively, i.e., significantly lower than the N:P ratio of urine. 
This implies only phosphorus can be fully recovered while 
removal of the remaining nitrogen requires post-treatment.

Nitrogen is present in urine mainly in form of urea and 
ammonium (both  NH3 and  NH4

+ unless stated otherwise), 
depending on the storage time. In fresh urine, most of the 
nitrogen is present in form of urea but this is hydrolyzed into 
ammonium and bicarbonate in a matter of days through a 
process called ureolysis (Liu et al. 2008). Ureolysis is cata-
lyzed by the enzyme urease, which is present in the cyto-
plasm of a large variety of microorganisms. Since ammonia 
 (NH3) is toxic for microorganisms, the ammonium concen-
tration and pH are critical parameters for the cultivation of 
microalgae and other microorganisms on urine (Drath et al. 
2008; Dai et al. 2014). The high concentration of nitrogen in 
human urine of 2.3 to 7.2 g N  L−1(Tuantet et al. 2014a, b) , 
present mostly in form of ammonium, can inhibit microalgae 
growth due to ammonia toxicity. For example, Arthrospira 
platensis was inhibited by concentrations of 50 mg N  L−1 
(Feng and Wu 2006) and Scenedesmus acuminatus was 
inhibited even at concentrations of 10 mg N  L−1 (Adamsson 
2000). A more robust strain was C. sorokiniana that had 
growth inhibition at concentrations higher than 1.4 g N  L−1 
(Zhang et al. 2014).

Cyanobacteria carry out oxygenic photosynthesis and are 
often referred to as microalgae although they are prokary-
otic. When facing stress conditions, they can accumulate 
compounds such as polyphosphates for phosphorus storage, 
cyanophycin (CP) or phycobiliproteins for nitrogen storage 
(Allen et al. 1984; Kromkamp 1987), and glycogen or poly-
hydroxybutyrate as carbon storage. Cyanophycin (multi-ʟ-
arginyl-poly-ʟ-aspartate) is a non-ribosomal nitrogen-rich 
copolymer consisting of equimolar amounts of aspartic acid 
and arginine (Simon and Weathers 1976; Krehenbrink et al. 
2002; Obst and Steinbu 2004; Maheswaran et al. 2006). At 
neutral pH and physiological ionic strength, cyanophycin is 
insoluble and accumulates in the cytoplasm as membrane-
less granules (Allen and Weathers 1980; Sukenik et al. 
2015). Cyanophycin in particular may be interesting because 

it can be chemically converted into polyaspartic acid (Joentgen 
et al. 2001), and in this form, it is a renewable alternative for 
synthetic polyacrylate (Neumann et al. 2005). Cyanophycin 
can also be applied as a dispersant, or for reducing corro-
sion in petroleum and natural gas production (Mooibroek 
et al. 2007).

Synthesis of cyanophycin requires ATP,  K+,  Mg2+, a sulf-
hydryl reagent, and a CP-primer as starting frame for the 
incorporation of the amino acids (Simon 1973; Kromkamp 1987). 
Under phosphorus starvation, the wild type of Synechocystis 
sp. PCC6803 can accumulate up to 18% of cyanophycin on 
a dry weight basis (Trautmann et al. 2016). An engineered 
Synechocystis PCC6803 (BW86) could even accumulate 
up to 47% cyanophycin under phosphorus starvation and 
57% under potassium starvation (Watzer et al. 2015). The 
cyanobacteria can use cyanophycin as a temporary nitrogen 
reserve to be used as soon as growth is resumed (Allen et al. 
1984; Mackerras et al. 1990). Apart from phosphorus starva-
tion, cyanophycin can also be accumulated by cyanobacteria 
in the absence of light or under sulfate limiting conditions 
(Watzer and Forchhammer 2018a). Therefore, Synechocystis 
sp. PCC6803 (Synechocystis 6803 from now on) could be 
an interesting strain to remove or recover nutrients from 
urine because under phosphorus-limiting conditions, 
Synechocystis 6803 can still take up nitrogen and accumu-
late it as cyanophycin (Trautmann et al. 2016). The molar 
N:P ratio of Synechocystis 6803 may be more favorable for 
simultaneous nitrogen and phosphorous removal from urine 
than of other phototrophic microorganisms.

Synechocystis 6803 is a widely studied cyanobacterial 
strain that is relatively easy to cultivate in suspension and 
which is able to use ammonium, urea, and nitrate as nitrogen 
sources (Valladares et al. 2002; Kolodny et al. 2006). 
Trautmann et al. reported that Synechocystis 6803 accu-
mulated cyanophycin as soon as the biomass phosphorus 
quota (qP) were lower than 1–4 mg P g  DW−1 (Trautmann 
et al. 2016). However, most of these experiments were car-
ried out under axenic conditions with nitrate as the nitrogen 
source (Hai et al. 2000; Watzer et al. 2015), which cannot 
be extrapolated to treatment of urine containing urea and/or 
 NH4

+. The few results available with  NH4
+ as the nitrogen 

source for Synechocystis 6803 gave a much lower cyano-
phycin content of 3% (Watzer et al. 2015) and a transient 
accumulation of 7% in another strain of the same genus 
Synechocystis sp. PCC6308 in nitrogen-starved cells after 
addition of ammonium (Mackerras et al. 1990).

Ammonium  (NH4
+) is the preferred nitrogen source in 

cyanobacteria, since it can be directly incorporated into 
the carbon-skeletons of organic molecules through the 
glutamine synthetase-glutamate synthase pathway (GS-
GOGAT) (Valladares et al. 2002; Flores and Herrero 2005). 
Ammonium uptake is controlled by permeases of the Amt 
family (Montesinos et al. 1998); ammonium transport occurs 
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through a symporter (Ortiz-ramirez et al. 2011) and trans-
port rates are concentration gradient dependent (Fong et al. 
2007). However, the toxic form ammonia  (NH3) can also be 
present in the medium depending on the pH. At pH values 
above 9.25 (pKa of ammonium),  NH3 is the most abundant 
species in the equilibrium  NH4

+/NH3 and this freely dif-
fuses through the cell membranes (Kleiner 1981; Drath et al. 
2008). Since  NH3 binds to the oxygen evolution centers as 
a competitive analogue to water, this results in an increased 
photosensitivity and photodamage of photosystem II (PSII) 
(Evans et al. 2005). At non-inhibiting concentrations, cyano-
bacterial cells repair this photodamage by the action of a 
PSII repair system (Drath et al. 2008). This suggests a trade-
off between the rate at which PSII experiences photodam-
age and the rate at which it is repaired (Dai et al. 2014). At 
high concentrations of  NH3, the rate at which photodamage 
occurs is higher than the rate at which PSII is repaired. This 
results in a decreased growth rate that we call  NH3 inhibi-
tion. The photodamage that results in  NH3 growth inhibition 
is by definition enhanced by higher light intensities (Dai 
et al. 2014).

Also, urea can freely diffuse through the phospholipidic 
bilayer of cyanobacteria (Siewe et al. 1998; Goodman 2002; 
Sachs et al. 2006). The urea is subsequently metabolized 
with an intracellular urease that hydrolyzes urea into  NH4

+ 
and bicarbonate  (HCO3

−) (Al-Thawadi 2011). The activity 
and expression of this enzyme seem to be independent of the 
concentration of urea in the medium (Mackerras and Smith 
1986) and in Synechocystis the ureolytic reaction seems to 
occur in an uncontrolled manner (Herrero et al. 2001). In the 
strains Anabaena sp. PCC7120, Synechocystis sp. PCC6803, 
and Synechococcus sp. PCC7002, bleaching of cultures was 
observed when cultivated under a light intensity of 250 µmol 
photons  m−2  s−1 on urea as nitrogen source at concentra-
tions of 0.14, 0.70, and 1.40 g urea-N  L−1 respectively just 
after the cultures reached stationary phase (Sakamoto et al. 
1998). This bleaching, which is also called chlorosis, is the 
process of degradation of the light-harvesting pigments of 
photosynthetic cells. The induction of chlorosis can have 
different origin and involve different cellular mechanisms 
such as nitrogen limitation that results in not only revers-
ible chlorosis (Forchhammer and Schwarz 2019) and light 
stress (Nixon et al. 2005), but also ammonia toxicity (Drath 
et al. 2008). Urea-related chlorosis occurred only in urease-
positive cyanobacteria and did not occur in urease deletion 
mutants of Synechococcus sp. PCC7002 nor in the urease-
negative strain Synechococcus sp. PCC6103 (Sakamoto et al. 
1998). Urea-related chlorosis is irreversible and seems to be 
an intracellular process associated to an increase of internal 
pH and  NH3 concentration due to ureolysis (Sakamoto et al. 
1998). Perhaps at higher urea concentrations, such as those 
in fresh urine, cyanobacteria undergo chlorosis due to an 
increased intracellular  NH3 accumulation, as a result of an 

imbalance between fast ureolytic activity and a slow rate of 
nitrogen incorporation (i.e., growth).

In this study, we explored the possibility of growing cyano-
bacteria on nitrogen-rich, phosphorus-poor media simulating 
diluted human urine. In addition, we studied the production 
of cyanophycin under these conditions. Synechocystis 6803 
was cultivated in sequence batch experiments at increasing 
concentrations of either ammonium or urea to determine the 
toxicity thresholds for these N-sources. After identifying safe 
nitrogen concentrations, Synechocystis 6803 was cultivated in 
batch mode in short light path photobioreactors (PBRs) on a 
medium with an ammonium nitrogen concentration of 0.5 g N 
 L−1 and a high N:P molar ratio of 276:1.

This high N:P ratio was calculated to force cyanophycin 
accumulation and to determine if Synechocystis 6803 bio-
mass is able to overcome phosphorus limitation and continue 
nitrogen uptake after phosphorus has been depleted. These 
experiments determine if Synechocystis 6803 can be used to 
simultaneously recover nitrogen and phosphorus from urine.

Materials and methods

Media

Experiments to study ammonium and urea inhibition were 
carried out with modified BG11 medium (Stanier et al. 
1971) (Table 1).

The medium for the experiments on phosphorus starva-
tion was formulated based on the traditional BG11 medium, 
supplemented to support a cyanobacterial biomass concen-
tration above 5 g DW  L−1. The supplemented formulation 
was based on the elemental composition of A. platensis 
reported by (Cornet et al. 1992; Cogne et al. 2003) resulting 
in a higher concentration of potassium (Table 1). Sulfate, 
iron, and EDTA were also added in higher amounts to avoid 
the limitations reported by van Alphen et al. (2018). The 
concentration of EDTA was increased to 37 mg  L−1 for an 
improved chelation of trace elements (Table 1). No nega-
tive effects of increased concentrations of EDTA on growth 
of Synechocystis 6803 were reported by van Alphen et al., 
(2018) for concentrations up to 70 mg  L−1. In this manner, 
it can be ensured that phosphorus is the only limiting factor 
triggering cyanophycin accumulation.

Inoculum

The strain of Synechocystis sp. PCC6803 was obtained from 
the Pasteur Culture Collection of Cyanobacteria (PCC) 
(Paris, France). Axenic pre-cultures for inoculation of the 
inhibition experiments were derived from the PCC inocu-
lum and cultivated on modified BG11 using ammonium as 
nitrogen source (Table 1) under a light intensity of 100 µmol 
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photons  m−2  s−1 of warm white LED. The pre-cultures were 
cultivated in 200- or 250-mL Erlenmeyer flasks in either 100 
or 200 mL of medium respectively, which were placed on an 
orbital shaking plate at 120 rpm at laboratory atmosphere 
and temperature (approx. 25 °C) and had an initial  OD750 of 
0.3. The pH was controlled by addition of 15 mM HEPES 
buffer, which buffers at pH 7.5 (Table 1). Axenic pre-cul-
tures for inoculation of the experiments of phosphorus star-
vation were derived from the abovementioned pre-cultures 
and cultivated on P starvation medium with an initial  OD750 
of 0.3 (Table 1) under a light intensity of 200 µmol photons 
 m−2  s−1 of cool white LED. These pre-cultures were culti-
vated in 250-mL Erlenmeyer flasks in 200 mL of medium 
in an Infors Multitron HT incubator (Infors, Switzerland) 
with orbital shaking at 120 rpm, in a 2.5%  CO2-enriched air 
atmosphere and controlled temperature of 35 °C. pH was 
controlled by addition of 15 mM MOPS buffer pH 7.5.

Urea and ammonium inhibition

Synechocystis 6803 was cultivated at different concentrations 
of  NH4

+-N. The experiments were done in sequencing batch 
mode using the approach of Tuantet et al. (2014a) in four 
replicates. The experiments were carried out in Multicultiva-
tors MC-1000 OD (PSI Photon Systems Instruments, Czech 

Republic) with automatic measurement of optical density (OD) 
at 680 and 720 nm  (OD680 and  OD720). The pH was controlled 
at 7.5, i.e., the optimum pH for Synechocystis 6803 (Zavrel 
et al. 2015), by addition of 1 g  Na2CO3  L−1 in the experiments 
with ammonium, and by addition of 15 mM HEPES pH 7.5 in 
the experiments with urea. The Multicultivator tubes (2.7 cm 
diameter) were filled with 85 mL of mineral medium BG11 
modified for ammonium or urea as nitrogen source and main-
tained at a constant temperature of 35 °C.

The initial concentrations of nitrogen in the medium were 
0.25, 0.50, 0.75, 1.00, 1.25, and 1.50 g  NH4

+-N  L−1 for the 
experiments on ammonium and 0.11, 0.22, 0.34, 0.45, 0.56, 
and 0.67 g Urea-N  L−1. The cultures were sparged with 5% 
 CO2-enriched air at a flow of 100 mL  min−1 (0.85 vvm) 
and cultivated under light intensities of 100 or 200 µmol 
photons  m−2   s−1 of warm white LED light.  OD720 was 
automatically measured every 10 min and for analysis, 1-h 
averages were calculated using the last and next half hour. 
Growth rates of Synechocystis 6803 were determined by 
linear regression over each dilution cycle and expressed in 
 OD720  day−1. The linearity of the regression was verified by 
R2 values above 0.95.

Cyanophycin accumulation on ammonium due 
to phosphorus starvation

To determine the potential for cyanophycin accumulation 
by Synechocystis 6803, these were cultivated in batch mode 
in phosphorus starvation medium (Table 1). The cultivation 
was done in batch mode in 1.8-L flat-panel PBRs (Bios-
tream International B.V, the Netherlands). Temperature and 
pH were controlled at 35 °C and 7.5 respectively, and the 
PBR was mixed by sparging 1 L  min−1 (0.56 vvm) of 2% 
 CO2-enriched air to avoid carbon limitation. The pH was 
controlled by automatic addition of 1 M NaOH. The for-
mation of foam was controlled by automatic addition of 
a 1% solution of Antifoam B Emulsion (Sigma-Aldrich). 
The PBRs logged light transmittance in the PAR region 
(400–700 nm). The light intensity in the PBR was set at 
200 µmol photons  m−2  s−1. After growth of the culture had 
been observed (after 17 h), the light intensity was increased 
to 600 µmol photons  m−2  s−1.

The medium was prepared under non-sterile conditions and 
was stored at 6 °C for maximally 24 h. The day after medium 
preparation, the PBR was rinsed with Milli-Q® water and the 
gas supply started. Later, the medium was added to the PBR 
and left for 1 h while sparging the gas mix. This caused a pH 
drop in the medium. Therefore, the pH control was activated 
and the PBR was left for at least 2 h to allow the 1 M NaOH 
addition to achieve a pH of 7.5. A sample of the neutralized 
medium was taken for nutrient analyses.

Table 1  Elemental composition of media in mg  L−1

a Value adjusted depending on requirements for experiments ammonia 
and urea inhibition as explained in respective section. bValue adjusted 
to force P starvation. cAdded as  FeCl3 instead of ferric ammonium 
citrate. dAdded as  CoCl2 instead of Co(NO3)2. pH buffer used in pre-
cultures for inoculation of the e inhibition experiments and fof the 
phosphorus starvation experiments

Element/compound Nitrogen inhibition 
medium (BG11) (mg  L−1)

P starvation 
medium (mg  L−1)

N 247.19 a 500
P 7.11 4b

K 8.98 95
S 9.79 33.38
SO4 29.34 100
Ca 9.81 9.81
Fe 0.64 2.48c

Zn 0.05 0.05
Mg 9.89 9.89
Mn 0.50 0.50
B 0.50 0.50
Cu 0.02 0.02
Co 0.00001 0.00001d

EDTA  Na2Mg 1.00 36.81
N:P 77:1 276:1
Buffer  HEPESe/MOPSf 15 mM 15 mM
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The cyanophycin accumulation experiments were done 
in two consecutive batch cultivation cycles. In batch 1, we 
aimed to starve the culture on phosphorus aiming to trigger 
the accumulation of cyanophycin; therefore, a concentration 
of 4 mg P  L−1 was calculated for a qP of 1–4 mg P g  DW−1 
at biomass concentrations above 1 g DW  L−1. The PBR was 
inoculated under non-sterile conditions with 83 mL of axenic 
pre-culture aiming for an initial  OD750 of 0.3. Despite the 
low concentration of phosphorus in the medium, the biomass 
grew to the point at which light became co-limiting. Then, 
a second batch cycle (batch 1.1 and 1.2) was performed in 
two duplicate PBRs. This second batch cultivation was done 
with even lower availability of phosphorus aiming to force a 
stationary phase due to phosphorus limitation only. The dilu-
tion was done for both PBRs by adding 200 mL of culture 
from batch 1 into a mix of 600 mL of phosphorus starvation 
and 800-mL P-free medium (P-free medium does not contain 
any source of phosphorus). This resulted in an addition of 
1.5 mg P  L−1 and 118 mg N  L−1 and sufficient other nutri-
ents as specified in the medium formulation (Table 1).

Sample processing and analyses

In the experiments for the determination of ammonium and 
urea inhibition, 5-mL samples were taken at the beginning 
and end of each cycle to manually determine optical density 
and pH. In the experiments on phosphorus starvation, daily 
samples of less than 100 mL were taken to determine optical 
density at 750, 720, and 680 nm  (OD750,  OD720, and  OD680), 
dry weight (DW), and cyanophycin content of biomass. The 
sample was divided into pre-weighted falcon tubes in dupli-
cate of 15 to 20 mL for cyanophycin determination, 7–10 mL 
for DW determination, and the remaining volumes of at 
least 5 mL for OD. Optical density was measured in a bench 
spectrophotometer (UV-1280 UV–VIS Spectrophotometer, 
Shimadzu Corporation, Japan). The samples were diluted to 
values below 0.7 in order to stay in the linear range of the 
 OD750 to DW correlation. The samples for cyanophycin and 
DW were centrifuged at 4000 rcf and both supernatant and 
pellet were stored separately at − 20 °C for later analyses. 
The supernatants were used for nutrient analyses and the 
pellets for cyanophycin and DW determination, respectively. 
DW was determined by freeze drying after which the dry 
samples were digested to determine the phosphorus content 
of the biomass.

Cyanophycin extraction was done based on the method 
of Elbahloul et al. (2005) and quantified by the Sakaguchi 
reaction assay for arginine-containing proteins developed 
by Messineo (1966) with modifications of the procedure by 
Lippi et al. (2018).

All supernatant samples were pressure-filtered using 
0.45-µm filters (PTFE, VWR, The Netherlands) and tested 

for cation  (NH4
+,  Ca2+,  K+,  Na+, and  Mg2+) and anion  (Cl−, 

 NO3
−,  NO2

−,  SO4
2− and  PO4

3−) concentration and elements. 
The concentration of anions and cations was assessed by 
an ion chromatograph IC Compact 761 (Metrohm, The 
Netherlands). The total and soluble elements of digested 
biomass and supernatant were determined by inductively 
coupled plasma-optical emission spectrometry (ICP-OES) 
by means of an ion Perkin-Elmer Optima 3000 DV spec-
trometer (USA). Biomass samples were submitted to  HNO3 
digestion using microwave-induced heating (MWD Mile-
stone) at 148 °C during 45 min prior to ICP-OES analysis. 
All the chemicals used were of analytical grade.

Results

Growth inhibition of Synechocystis 6803 
by ammonium and urea

Synechocystis 6803 had a typical growth course measured 
as the average increase of  OD720 in four replicates of the 
sequence batch experiments at different nitrogen concen-
tration. After inoculation, the cultures faced an acclima-
tion period during the first two dilution cycles, resulting 
in changes of the biomass growth rate measured as  OD720 
 day−1. The cultures were diluted daily to keep them in the 
linear growth phase while avoiding photo-inhibition, until 
observing at least two consecutive stable growth rates. 
Growth rates with standard deviation of 5% or less were 
considered as stable; typically, those corresponding to the 
last two or three dilution cycles were averaged. In the exam-
ple of Fig. 1 this was done for the last three data points of 
growth rate.

Synechocystis 6803 grew linearly between  OD720 values 
of 0.3 and 0.6 on either ammonium  (NH4

+) or urea; there-
fore, growth rates are presented in terms of  OD720  day−1 
(Fig. 2). Urea inhibition was investigated at two different 
light intensities as will be discussed later. Ammonium inhi-
bition was tested at a light intensity of 100 µmol photons 
 m−2  s−1. The highest growth rate on ammonium of 0.34 
 OD720  day−1 was observed at an  NH4

+-N concentration of 
0.25 g N  L−1. The growth rates decreased at higher  NH4

+-N 
concentrations (Fig. 2). Progressive growth inhibition was 
observed for values of 0.75 g  NH4

+-N  L−1 with an 18% 
decrease of the growth rate, 52% decrease at 1.25 g  NH4

+-N 
 L−1, and even 100% (no growth) at 1.50 g  NH4

+-N  L−1. 
When cultivated on urea at light intensities of either 100 or 
200 µmol photons  m−2  s−1, the average growth rates were 
0.34 ± 0.04 and 0.61 ± 0.04  OD720  day−1, respectively.

Chlorosis is a process of degradation of the light-harvest-
ing pigments in photosynthetic organisms including cyano-
bacteria. Chlorosis occurred in several growth-limited cul-
tures of Synechocystis 6803 cultivated in shaking flasks. These 
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cultures were cultivated on concentrations of 0.5 g urea-N  L−1 
as sole nitrogen source, and the chlorosis occurred after they 
entered a stationary phase due to either light limitation or nutri-
ent limitation (Fig. 3). This was not observed in the shaking flak 
cultures on ammonium; apparently, urea uptake was causing this 
chlorosis.

Cyanophycin accumulation on ammonium due 
to phosphorus starvation

To explore the feasibility of cyanophycin accumulation, 
Synechocystis 6803 was cultivated on a phosphorus-limited 
medium in flat-panel PBRs with an optical path of 2 cm and 

illuminated at 600 µmol photons  m−2  s−1. This experiment 
was designed to determine if nitrogen uptake would con-
tinue after phosphorus in the medium had been depleted, and 
to determine if part of the nitrogen would be accumulated 
as cyanophycin. In addition, the cultivation was performed 
under non-axenic conditions.

Despite the low availability of phosphorus of 3.0 mg P  L−1, 
just after inoculation of batch 1, the culture of Synechocystis 6803 
exhibited a typical growth curve (Fig. 4A). The cyanophycin 
content of the inoculum was 10.7 ± 1.3% CP (Fig. 4B). This 
initial cyanophycin content was rapidly consumed, resulting 
in a content of only 0.2 ± 0.2% CP on day 1 (Fig. 4B). Cyan-
ophycin accumulated again between days 1 and 3 reaching a 

Fig. 1  Typical course of a 
sequence batch of Synechocystis 
6803 growing on BG11 medium 
at a pH of 7.5 and with an 
ammonium nitrogen concentra-
tion of 0.25 g  NH4

+-N  L−1. The 
empty circles indicate the 1 h 
average values of  OD720 taken 
every 10 min, the empty squares 
represent biomass growth rates 
 (OD720  day−1) of the linear 
growth range calculated by 
linear regression. The grey area 
indicates the  OD720 range typi-
cally used for the linear regres-
sion to determine the growth 
rate. Growth rates are averages 
of 4 biological replicates; error 
bars represent the standard 
deviation

Fig. 2  Growth rate  (OD720 
 day−1) during the linear growth 
phase of Synechocystis 6803 
cultivated on modified BG11 
with increasing concentrations 
of  NH4

+-N or Urea-N at a pH 
of 7.5 at a temperature of 35 °C 
and under a light intensity (LI) 
of 100 or 200 µmol photons 
 m−2  s−1. Averaged values 
determined by linear regres-
sion (R2 = 0.99). Error bars are 
the standard deviation of four 
replicates and are covered by 
the marker if not visible
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content of 4.3 ± 0.1% CP on day 2 (Fig. 4B). Subsequently, 
during stationary phase, the cyanophycin content slowly 
decreased to a value of 2.7 ± 0.1% CP and remained stable 
between days 7 and 14.

Biomass growth in batch 1 depleted the phosphorus in 
the medium on day 2 (Fig. 5) and continued growing to a 

biomass concentration of 2.5 g DW  L−1 (Fig. 4A), causing 
light co-limitation. This was confirmed by a calculated light 
absorption of 99% on day 3 corresponding to a light trans-
mittance of 3 µmol photons  m−2  s−1. In a next step we diluted 
the PBRs aiming for phosphorus starvation at lower biomass 
concentration while allowing higher light availability. For 

Fig. 3  Days 5 (top row), 6 (mid-
dle), and 7 (bottom) of stationary 
cultures of Synechocystis 6803 
on urea (left) and ammonium 
(right) cultivated on 0.5 g N 
 L−1 under a light intensity of 
100 µmol photons  m−2  s−1

Fig. 4  A Biomass concentra-
tion of Synechocystis 6803 
biomass cultivated on ammo-
nium as nitrogen  source under 
phosphorus-limiting conditions 
at a pH of 7.5, a temperature 
of 35 °C, and under a light 
intensity of 600 µmol photons 
 m−2  s−1. B Cyanophycin content 
of the biomass as DW basis. 
Arrow on day 14 indicates 
the time at which batch 1 was 
diluted into batch 1.1 and 1.2. 
The dilution was done in such 
a way that 1.5 mg P  L−1 was 
available in the final mix. Error 
bars are the standard deviation 
of samples taken in duplicate 
and are covered by the marker if 
not visible
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this purpose, on day 14, the culture in batch 1 was divided 
and diluted into two PBRs: batch 1.1 and 1.2. The dilution 
was calculated such that after the dilution, the new cultures 
would have a phosphorus concentration of 1.5 mg P  L−1 in 
the medium together with additional 118 mg N  L−1. After 
the dilution, the cultures batch 1.1 and 1.2 started with a 
biomass concentration of 0.38 g DW  L−1. The initial phos-
phorus uptake rate was very high, to such an extent that the 
phosphorus concentration in these samples was below the 
detection limit of the ICP-OES (< 0.1 mg P  L−1).

On day 14, just after the dilution of batch 1 into two 
identical batch 1.1 and 1.2, the values of cyanophycin in 
the biomass were 2.8 ± 0.1% and 2.4 ± 0.2% respectively. 
On day 15, within a day after the dilution, the cyanophycin 
content of the biomass rapidly increased to a transient accu-
mulation of 10.8 ± 0.2 and 9.2 ± 0.1% for batch 1.1 and 1.2 
respectively (Fig. 4B). On day 16, the cyanophycin content 
decreased again to values of 4.3 ± 0.1% and 2.7 ± 0.1%. After 
this decrease, cyanophycin content remained in values of 
3.2 ± 0.7% and 2.9 ± 0.2% during days 16 to 18.

Regarding cyanophycin productivity, the cyanophy-
cin titers are more important than the biomass-specific 
cyanophycin content. The titers of cyanophycin were 
75.1 ± 0.1 mg CP  L−1 and 44.8 ± 8.0 mg CP  L−1 in the 
peaks on day 3 (batch 1) and day 15 (average of batch 1.1 
and 1.2) respectively. Thus, although the biomass cyano-
phycin content in batch 1.1 and 1.2 was higher than in 
batch 1, the cyanophycin titer in batch 1 was 79% higher. 
This is due to the difference in biomass concentration 
between days 3 and 15 of 1.76 ± 0.06 and 0.44 ± 0.04 g 
DW  L−1 respectively.

In batch 1, although phosphorus was already depleted 
on day 2 (Fig. 5), the biomass continued to grow linearly 
until day 5 (Fig. 4A), reaching a biomass concentration 
of 2.5 g DW  L−1. A further increase in the biomass con-
centration after day 5 is not attributed to growth but to 
the gradual effect of water evaporation as the PBR was 
continuously aerated with a dry air-CO2 mixture (Fig. 4A). 
Both, the linear and stationary growth phases of batch 1, 

were most likely the result of a combination of phosphorus 
and light limitation. The culture remained in stationary 
phase between days 5 and 14. (Fig. 4A).

At the time of the inoculation, qP was determined by 
biomass analysis from a sample taken directly from the 
inoculum and its value was 4.63 mg P  g−1 DW. The qP 
gradually decreased to a minimum of 1.84 ± 0.04 mg P  g−1 
DW and remained stable between days 5 and 14, period at 
which growth was no longer observed (Fig. 6). The values 
of qP were determined by biomass digestion and direct 
measurement of the phosphorus content in the biomass 
by ICP.

After diluting batch 1 on day 14, with a fresh media mix 
that added 1.5 mg P  L−1 extra, the qP increased abruptly to 
6.16 and 6.77 mg P  g−1 DW in batch 1.1 and 1.2, respec-
tively (Fig. 6). This confirms the high phosphorus uptake 
rate of the biomass under phosphorus-starved conditions. 
Subsequently the qP gradually decreased to values of 1.99 
and 1.82 mg P  g−1 DW on days 17 and 18 respectively, 
showing an asymptotic trend towards the minimum values 
observed in batch 1.

Discussion

Growth inhibition of Synechocystis 6803 
by ammonium and urea

High concentrations of ammonium nitrogen can inhibit 
growth of Synechocystis 6803. Concentrations of 0.50 
 NH4

+-N  L−1 were found safe since this concentration 
resulted in only a 4% decrease in growth rate (Fig. 2). It 
is important to note that these results were obtained at a 
light intensity of 100 µmol photons  m−2  s−1, and in vertical 
tubes of 2.7-cm diameter. Changes in both light intensity 
applied and light path are expected to have an effect on the 
level of inhibition observed in the culture as ammonium 
inhibition can be enhanced by light intensity (Drath et al. 
2008). Continuous operation of PBRs for cultivation of 

Fig. 5  NH4
+-N concentration 

in medium during cultivation 
of Synechocystis 6803 under 
phosphorus-limiting conditions, 
at a pH of 7.5, a temperature 
of 35 °C, and under a light 
intensity of 600 µmol photons 
 m−2  s−1. Error bars are the 
standard deviation of samples 
taken in duplicate and are cov-
ered by the marker if not visible
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Synechocystis 6803 should aim for maximal nitrogen use/
recovery. Therefore, the hydraulic retention time should 
be determined in such a way that the ammonium nitrogen 
is efficiently used, resulting in very low concentrations of 
this compound in the medium.

Photosensitivity and photodamage during cultivation 
of cyanobacteria on ammonium is associated to the pres-
ence of free ammonia  (NH3). Since  NH3 binds to the oxy-
gen evolution centers as a competitive analogue to water 
(Evans et al. 2005), this results in an increased photosen-
sitivity and photodamage of photosystem II (PSII) (Drath 
et al. 2008; Dai et al. 2014). It is important to note the pH 
dependency of the  NH3/NH4

+ balance; at pH values above 
9.25 (pKa of ammonium), the toxic form ammonia  (NH3) 
is the most abundant species. This makes pH an impor-
tant parameter to control when considering cultivation of 
Synechocystis 6803 with ammonium as nitrogen source.

The fact that we observed inhibition already at a lower 
 NH3 concentration at higher light intensity confirms that 
 NH3 inhibition is enhanced at higher light intensity as sug-
gested by Drath et al. (2008). In another study, Synechocystis 
6803 showed photoinhibition at extracellular concentrations 
of  NH3 above 70 mg  NH3  L−1 under a light intensity of 
10 µmol photons  m−2  s−1 (Drath et al. 2008). At a pH of 7.5 
as applied in our experiments and a temperature of 35 °C, 
a concentration of 0.75 g  NH4

+-N  L−1 resulted in an  NH3 
concentration of 28.6 mg  NH3  L−1, i.e., lower than the toxic 
value given by Drath et al. (2008).

Urea concentration did not seem to have an effect on 
the growth rate in actively growing cultures. The growth 
rates of Synechocystis 6803 did not deviate more than 5% 
of the average for each light intensity. The drop in growth 
rate observed at a concentration of 0.45 g urea-N  L−1 of 
urea at both 100 and 200 µmol photons  m−2  s−1 cannot be 

explained. These values do not represent a typical inhibi-
tion pattern, with decreasing growth rates as concentra-
tions increase. However, chlorosis occurred in growth-lim-
ited cultures cultivated in shaking flasks containing urea as 
sole nitrogen source (Fig. 3). This urea-triggered chlorosis 
was probably caused by an extreme case of free ammonia 
toxicity due to its accumulation in the cytosol. Sakamoto 
et al. (1998) suggest that urea-related chlorosis is caused 
due to the pH increase and the free ammonia formation 
and accumulation during intracellular ureolysis when 
growth is limited. Chlorosis occurs in stationary cultures 
of the urease-synthesizing cyanobacteria Synechocystis 
6803, Synechococcus sp. PCC7002, and Anabaena sp. 
PCC7120, and does not occur in urease deletion mutants nor 
in the urease-negative strain Synechococcus sp. PCC6103 
(Sakamoto et  al. 1998). This suggests a connection of 
internal hydrolysis of urea with the urea-related chlorosis. 
Urea-triggered chlorosis is accentuated in growth-limited 
cultures possibly as a result of decreasing rates of nitrogen 
incorporation; as intracellular ureolysis can easily surpass 
the rate at which nitrogen is incorporated into metabolites 
(Mackerras and Smith 1986; Herrero et al. 2001).

Urea diffuses freely to the intracellular environment 
(Sachs et al. 2006; Esteves-Ferreira et al. 2018) and is rap-
idly hydrolyzed in an uncontrolled manner (Herrero et al. 
2001). The presence of lipid peroxides in the urea-chloro-
tic cultures and the connection of urea chlorosis with the 
activity of urease (Sakamoto et al. 1998) suggest that urea-
triggered chlorosis can be the result of a strong ammonia 
toxicity. Peroxidation of membrane lipids results from the 
presence of reactive oxygen species such as singlet oxygen 
generated as consequence of ammonia-enhanced photodam-
age (Dai et al. 2014). The ammonia toxicity caused by urea 
uptake is therefore stronger than the sole presence of free 

Fig. 6  Phosphorus quota (qP) 
in Synechocystis 6803 biomass 
cultivated under phosphorus-
limiting conditions, on ammo-
nium as nitrogen source, at a pH 
of 7.5, a temperature of 35 °C, 
and under a light intensity of 
600 µmol photons  m−2  s−1. 
Error bars are the standard 
deviation of samples taken in 
duplicate and are covered by the 
marker if not visible
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ammonia in stationary or growth-limited cultures resulting 
in a rapid and fatal chlorosis. We suggest that during active 
growth, less free ammonia can accumulate inside the cell 
as this is quickly metabolized; therefore, the toxicity of free 
ammonia is less strong and can be compensated by the pho-
tosystem repair mechanism. Urea-triggered chlorosis could 
be avoided by controlling the feeding of the PBR based on 
light availability (e.g., turbidostat/luminostat operation), 
dosing urea only when conditions allow active growth. 
Although in fresh urine most of the nitrogen is present in 
the form of urea, in stored urine, > 90% of the urea initially 
present is generally hydrolyzed in matter of hours (Kirchmann 
and Pettersson 1995). Therefore, in an operation with stored 
urine, the presence urea should not cause problems for the 
cultivation of Synechocystis 6803.

In synthesis, Synechocystis 6803 can grow at  NH4
+-N 

concentrations up to 1.25 g  NH4
+-N  L−1 (Fig. 2). However, 

we recommend not to expose Synechocystis 6803 to concen-
trations above 0.5 g  NH4

+-N  L−1 to avoid growth inhibition 
during cultivation on hydrolyzed urine or similar streams. 
It is important to note that this only holds at pH below 7.5, 
a temperature below 35 °C, a light intensity of 100 µmol 
photons  m−2  s−1 and a light path through a tube of 2.7-cm 
diameter. The presence of urea, as in fresh urine, needs to be 
carefully controlled, since the light intensity changes during 
the day/night cycles and light limitation can result in bleach-
ing of the cultures due to chlorosis. Based on the typical 
ammonium nitrogen content of hydrolyzed urine, a dilution 
factor of 10, and a pH of 7.5, the concentrations of ammo-
nium typically present in stored urine are considered safe for 
the process. Moreover, in the case of a continuously operated 
PBR, it should be operated at nitrogen concentrations below 
10 mg N  L−1 to warrant an effluent that complies with the 
requirements of the EU Water Framework Directive for the 
discharge to natural water bodies (Council Directive 91/271/
EEC 1991). Under these circumstances, nitrogen inhibition 
does not pose a problem for the process.

Cyanophycin accumulation on ammonium due 
to phosphorus starvation

The high cyanophycin content in the inoculum was not 
expected, but may be explained by a combination of phos-
phorus and light limitation during pre-cultivation at a light 
intensity of 200 µmol photons  m−2  s−1 and a medium with 
a concentration of 7 mg P  L−1 resulting in a qP of 4.63 mg 
P  g−1 DW as quantified by biomass analysis. As soon as 
the conditions allowed rapid growth after inoculation, the 
initial cyanophycin was rapidly consumed. Probably due to 
the phosphorus-limited conditions, cyanophycin accumu-
lated again between days 1 and 3 (Fig. 4B). This peak in 
cyanophycin content coincided with the transition from lin-
ear to stationary growth, which is in line with observations 

by others (Allen et al. 1980; Gorelova and Kleimenov 2003). 
Subsequently, during stationary phase, the cyanophycin con-
tent slowly decreased and remained stable between days 7 
and 14 at a value of 2.7%, much higher than what is observed 
at the exponential phase < 1% (Simon 1973).

Accumulation of around 3% CP and up to 18% CP were 
reported by Watzer et al. (2015) when Synechocystis 6803 
was cultivated under phosphorus starvation and axenic con-
ditions using ammonium or nitrate, respectively, as nitro-
gen source. In this study, we reached a maximum transient 
cyanophycin content of 10.8 ± 0.2% while cultivating on 
ammonium under non-axenic conditions, more than 3 times 
the 3% previously reported with ammonium as nitrogen 
source by Watzer et al. (2015) and significantly higher than 
the 7% transient accumulation reported by Mackerras et al. 
(1990). Due to the rapid changes observed in the transient 
accumulation of cyanophycin, it remains to be seen if this 
can be exploited in a real system. The maximum content of 
cyanophycin in the biomass observed shortly after medium 
addition suggests a highly dynamic process of cyanophycin 
storage and consumption. Further insights in this process 
may be gained from sampling at higher temporal resolution.

Batch 1.1 and 1.2 had final biomass concentrations of 
1.30 and 0.90 g DW  L−1 on days 19 and 18, respectively. It 
is difficult to explain why growth in the two PBRs started 
to diverge from each other (Fig. 4A). In batch 1.1 and 1.2, 
growth was limited mostly by a lack of phosphorus, since the 
fresh medium added contained plenty of other nutrients to 
support growth of the biomass to concentrations above 5 g 
DW  L−1. Additionally, batch 1.1 and 1.2 reached biomass 
concentrations significantly lower than those in batch 1, 
resulting in more light availability. In batch 1, we observed 
accumulation of cyanophycin due to phosphorus starvation 
combined with light limitation between days 1 and 3. In this 
case, growth slowed down while nitrogen was still available 
for uptake. In batch 1.1 and 1.2 however, we suggest the 
sudden accumulation of cyanophycin observed on day 15 is 
instead caused by the increase in ammonium concentration 
gradient between the intra- and extracellular environment 
that favored the uptake in combination with the alleviation of 
light limitation and a limited supply of phosphorus. Similar 
transient accumulation was observed in another strain of the 
same genus, Synechocystis sp. PCC6308, due to sudden addi-
tion of ammonium nitrogen to the medium (Mackerras et al. 
1990). Accumulation of cyanophycin is generally attributed 
to adverse conditions such as depletion of a specific nutrient 
or light limitation, but it has also been attributed to sud-
den increases in nitrogen concentration (Mackerras et al. 
1990; Watzer and Forchhammer 2018b). Moreover, the PII 
protein signaling system connects both ammonium uptake 
and cyanophycin production (Watzer et al. 2019). If ammo-
nium uptake exceeds nitrogen organication, the (intracellu-
lar) excess of nitrogen can be accumulated as cyanophycin. 
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Later on, when nitrogen organication exceeds ammonium 
uptake, cyanophycin would be degraded to serve as a nitro-
gen source (Watzer and Forchhammer 2018b).

Trautmann et  al. (2016) studied the accumulation of 
cyanophycin under phosphorus starvation in Synechocystis 
6803. The qP values of 1–4 mg P  g−1 DW were observed 
to trigger cyanophycin accumulation. They also found that 
growth of Synechocystis 6803 stopped when reaching a qP 
of 1 mg P  g−1 DW. These values presented by Trautmann 
et al. (2016) were determined by calculating the phosphorus 
uptake from a mass balance using the change of phosphate-P 
 (PO4

3−-P) in the medium and assuming the difference to be 
incorporated in the biomass. In our case, the actual qP was 
determined by biomass digestion and direct measurement 
of the phosphorus content in the biomass by ICP, giving a 
minimum value of 1.84 ± 0.04 mg P  g−1 DW (Fig. 6).

Another important aspect is the high N:P ratio observed 
in the biomass. The N:P ratio of the cultivation medium 
276:1 is extremely high compared to the typical N:P ratio 
of 16–22:1 in microalgae (Redfield 1958; Fernandes et al. 
2017). In our experiments, the N:P ratio of the biomass 
reached a maximum of 92:1 on day 5, demonstrating the 
N:P flexibility of Synechocystis 6803 biomass.

Despite phosphorus was depleted in the medium on day 
2, Synechocystis 6803 biomass continued taking up nitrogen 
until reaching a removal of 33% of the nitrogen available 
in the medium on day 7 (Fig. 5). Nitrogen recovery contin-
ued for 5 days, even after phosphorus was depleted in the 
medium. This, combined with the high N:P ratio measured 
in the biomass and the cyanophycin content, suggests the 
possibility of achieving complete and simultaneous nitro-
gen and phosphorus uptake from N-rich and P-poor streams 
such as urine or anaerobically treated black water (Fernandes 
et al. 2017). Cyanophycin production, however, still requires 
additional research to identify a suitable strategy to trigger 
accumulation to higher values more suitable for commercial 
opportunities, e.g., 40% in the case of PHA production from 
wastewater sludge (Werker et al. 2018).

Conclusions

Synechocystis 6803 was able to grow with ammonium and 
urea as nitrogen source, being able to assimilate the nitrogen 
sources present in source separated human urine. However, 
in order to avoid growth inhibition, the concentrations of 
ammonium nitrogen in the PBR should be kept at 0.5 g N 
 L−1 or below. Urea inhibition was not observed during active 
growth at urea-nitrogen concentrations up to 0.7 g N  L−1. 
However, in shaking flasks, stationary cultures cultivated 
on 0.5 g N  L−1 urea uptake resulted in chlorosis. There-
fore, presence of urea in the medium should be strategically 

controlled, e.g., by continuous cultivation maintaining good 
growth rates and low urea concentrations in turbidostat/
luminostat operation.

The cyanophycin content in the biomass of Synechocystis 
6803 presented transient values up to 10.8 ± 0.2% CP while 
cultivated on ammonium. Synechocystis 6803 biomass 
reached extremely high N:P ratios of up to 92:1, compared 
to what typical values for microalgae (16–22:1). This high-
lights the high potential of this process for simultaneous and 
complete recovery of nitrogen and phosphorus from nitro-
gen-rich and phosphorus-poor streams such as urine with 
the possibility of a combined production of cyanophycin.
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